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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Doctorate of Philosophy in Plant Sciences.  
Abstract 
Modelling phenology and maturation of the grapevine Vitis vinifera L.: 
varietal differences and the role of leaf area to fruit weight ratio 
manipulations 
by 
A.K.Parker 
 
Variety, temperature and viticulture practices (e.g. pruning, trimming, cluster thinning, 
irrigation etc.) all have an influence on grapevine (Vitis vinifera L.) phenology and berry 
maturation. Process-based phenological modelling which assumes temperature as the 
driving factor can be used to predict differences in development among varieties. 
Management practices including those that alter the Leaf Area to Fruit Weight (LA:FW) 
ratio may also influence the timing of key phenological stages and berry maturation. 
Regression modelling the relationship between LA:FW ratio and phenology or maturation 
parameters will enable a better understanding of these responses for different varieties. 
The aims of this work were 1) to characterise the differences between varieties for three 
key phases of development: flowering, veraison and the time to reach a target sugar 
concentration set at 200g/L using process-based phenological models; 2) to investigate 
different methods of characterising veraison as a phenological event to define the value of 
alternate objective measures; 3) to investigate the influence of altering the LA:FW ratio via 
trimming shoots (reducing leaf area) or removing crop (reducing the fruit weight) on two 
occasions (shortly after fruit set or at veraison) on the time of veraison and berry 
maturation parameters (soluble solids, titratable acidity, pH and berry weight). 2) and 3) 
were considered for two different varieties, Pinot noir and Sauvignon blanc. Linear and 
non-linear regression modelling was used to explore the relationships in 2) and 3). 
For the first aim, the Grapevine Flowering Veraison (GFV) model that uses a linear 
thermal summation of average daily temperatures from the 60th day of the year (in the 
Northern hemisphere) and a base temperature of 0C was used to classify 95 varieties for 
 iii
the parameter F* (the accumulation of forcing units) for the time of 50% flowering and 
105 varieties for 50% veraison. For maturity, data corresponding to a threshold sugar 
concentration of 200g/L were calibrated for seven different process-based models and 
calibrations calculated from either daily mean, daily maximum, average or hourly 
temperatures. The best fit model was the Sigmoid model in terms of efficiency and 
parsimony - assessed by the lowest Akaike Information Criterion (AIC), model efficiency, 
(EF), and Root Mean Squared Error (RMSE) - and the GFV model in terms of parsimony 
using daily mean temperatures. 35 varieties were parameterised and classified using both 
models for the day of the year to reach a sugar concentration of 200g/L.  
Seven different ways of assessing veraison were used to determine the relationship 
between soluble solids concentration and the measurement considered. Soluble solids 
ranged from 7 to 9 Brix for the different methods. 8 Brix was found to be a simple robust 
measure that allows comparison between different varieties, seasons and sites and was 
used in subsequent modelling to investigate the influence of LA:FW ratio on phenology 
and berry composition. 
Altering the LA:FW ratios of two varieties (Pinot noir and Sauvignon blanc) by trimming 
main shoots (leaf removal) delayed veraison, and both leaf removal and crop thinning 
influenced the dynamics of soluble solids accumulation; leaf removal slowed rates of 
soluble solids accumulation and resulted in lower concentrations of soluble solids at 
harvest whereas crop removal had the opposite effect. Titratable acidity, berry weight and 
pH were unaffected by the LA:FW ratio changes. The method of removing crop (removing 
all bunches on alternate shoots versus removing alternating bunches-apical then basal- 
from each shoot) did not influence the response but the presence of laterals advanced 
soluble solids accumulation. Non-linear exponential regression models across a wide range 
of LA:FW ratios best described the following different parameters for both varieties: Day 
of year to 8 Brix, duration from 8 to 14 Brix and soluble solids at harvest.  
The classification of flowering, veraison and the day to reach a sugar concentration of 
200g/L are the most extensive to date within the literature. The methodology developed for 
these classifications and to assess the quality of prediction could also be applied to other 
crops. LA:FW ratio manipulations can shift the timing of keys events, such as veraison and 
soluble solids accumulation; the regression results indicated that it is possible to delay 
timing by the same magnitude of time as observed for between varietal differences in 
 iv
timing. This represents a potential tool to manipulate changes in development under future 
climate scenarios. 
Keywords: canopy management, classification, climate, crop removal, flowering, 
grapevine, leaf area to fruit weight ratio, leaf removal, modelling, phenology, Pinot noir, 
rate, Sauvignon blanc, soluble solids, varieties, veraison, Vitis vinifera L., temperature, 
timing, yield.  
 v
Acknowledgements 
I would like to acknowledge my supervisors and co-supervisors: Dr Mike Trought, Prof. 
Cornelis (Kees) van Leeuwen and Dr. Rainer Hofmann for their guidance, advice, 
scientific exchange and input into my research project. I would like to thank Mike for 
imparting a wealth of knowledge on grapevine physiology, for helping me broaden my 
understanding of diverse range of grape-related topics and for his advice, time and 
enthusiasm especially during the more challenging times of my PhD. I would like to thank 
Kees for encouraging me to pursue my interest in grape and wine research- thanks for the 
advice, expertise and encouragement throughout the past five years. Thanks to Rainer, for 
his physiology expertise and general help with the PhD process. I would like to 
acknowledge Dr Andrew McLachlan for his statistical help and expertise, I would like to 
acknowledge Dr Inaki Garcia de Cortázar-Atauri and Prof. Isabelle Chuine for their 
continued modelling support and guidance that started during my Masters and has 
continued throughout my PhD and Dr Alistair Hall for his modelling help. Thanks 
Andrew, Inaki, Isabelle and Alistair for your patience as I grappled new stats and 
modelling concepts (sometimes in French!). It been an amazing learning experience and I 
have thoroughly enjoyed this process. I would also like to acknowledge my associate 
supervisor Prof. Don Kulsari for his support.  
I would like to thank the three institutes which hosted and supported my thesis: Lincoln 
University, the New Zealand Institute of Plant and Food Research and Bordeaux 
University- ISSV-Bordeaux Sciences Agro. A special thanks to the team at Plant and Food 
Research Marlborough for their help, support and scientific exchange during my PhD. 
I would like to acknowledge the The Agricultural and Marketing Research and 
Development Trust for the PhD scholarship, the Bragato Trust for their financial support 
of berry analysis and The New Zealand Foundation for Research Science and Technology 
(Designer Grapevines - CO6X0707) for their financial support and New Zealand 
Winegrowers for their ongoing support of the overall programme. 
I would like to acknowledge Pernod Ricard New Zealand Ltd for providing the trial site 
and their assistance with vine management and field work. A special thanks goes to John 
Argyle and his team at the trial site for the help and ensuring that the trial ran smoothly. 
Thank you to Andrew Naylor for establishing a suitable site for the work.  
 vi
I would like to acknowledge all individuals and research institutes for their time and 
historical data contribution in France, Italy, Spain and Greece (see Appendix IV for the list 
of data providers). Particular thanks to Montse Torres Viñals and Xavier Sort Camañes at 
Torres, Spain for their collaboration on data collection from their varietal collection; to 
Marco Meroni, student of the Master course Scienze Viticole ed Enologiche (University of 
Milan, Turin, Palermo) for collecting data at this site; to Dr Jean-Michel Boursiquot and 
Thierry Lacombe (Montpellier SupAgro – INRA UMR DIAPC 1097, Equipe Génétique 
Vigne, Montpellier, INRA Unité Expérimentale du Domaine de Vassal, Marseillan-Plage, 
France), Eric Lebon (INRA-Montpellier SupAgro, UMR 759, Montpellier, France) and 
their respective laboratories for their collaboration on data collection from their varietal 
collections; to Luna Centioni student of the Master course Scienze Viticole ed Enologiche 
(University of Milan, Turin, Palermo) for collecting the data in Montpellier.  
Lastly, I would like to thank friends and family for their support and encouragement 
during my PhD. They have been so positive and encouraging throughout the PhD process, 
thank-you for being part of this journey.  
 
 vii
Papers published or in submission 
Chapter 3 (published): 
Amber Parker, Inaki Garcia de Cortázar-Atauri, Isabelle Chuine, Gérard Barbeau, 
Benjamin Bois, Jean-Michel Boursiquot, Jean-Yves Cahurel, Marion Claverie, Thierry 
Dufourcq, Laurence Gény, Guy Guimberteau, Rainer W. Hofmann, Olivier Jacquet, 
Thierry Lacombe, Christine Monamy, Hernan Ojeda, Laurent Panigai, Jean-Christophe 
Payan, Begõna Rodriquez Lovelle, Emmanuel Rouchaud, Christophe Schneider, Jean-
Laurent Spring, Paolo Storchi, Diego Tomasi, William Trambouze, Michael Trought, 
Cornelis van Leeuwen. (2013)Classification of varieties for their timing of flowering and 
veraison using a modelling approach: A case study for the grapevine species Vitis vinifera 
L. Agricultural and Forest Meteorology 180: 249-264. 
 viii
Table of Contents 
Acknowledgements ................................................................................................................... v 
Papers published or in submission ........................................................................................ vii 
Table of Contents ................................................................................................................... viii 
List of Tables .......................................................................................................................... xiv 
List of Figures ........................................................................................................................ xvi 
Abbreviations ......................................................................................................................... xix 
Chapter 1 Introduction ............................................................................................................ 1 
Chapter 2 Literature Review ................................................................................................... 4 
2.1  Grapevine phenology ........................................................................................................ 4 
2.2  Flowering .......................................................................................................................... 5 
2.3  Berry development and veraison ....................................................................................... 5 
2.3.1  Berry development ................................................................................................ 5 
2.3.2  Veraison ................................................................................................................ 5 
2.4  Maturity as a phenological stage ....................................................................................... 7 
2.4.1  Berry weight .......................................................................................................... 7 
2.4.2  Water and carbon metabolism ............................................................................... 8 
2.4.3  Organic acids ......................................................................................................... 8 
2.4.4  pH .......................................................................................................................... 9 
2.4.5  Secondary metabolites ........................................................................................... 9 
2.5  The influence of temperature on development .................................................................. 9 
2.5.1  The effect of temperature on various phenological stages .................................. 10 
Budburst .............................................................................................................. 10 
Flowering ............................................................................................................ 11 
Veraison .............................................................................................................. 11 
Maturity ............................................................................................................... 11 
2.6  The importance of varietal differences in phenology ..................................................... 11 
2.7  Phenological Modelling .................................................................................................. 12 
2.7.1  Process-based phenological models and climate change .................................... 12 
2.8  Current indices and phenological models applied to understand phenology 
differences in varieties of the grapevine ......................................................................... 13 
2.9  Modelling maturity ......................................................................................................... 15 
2.9.1  Current models of sugar concentration for different V. vinifera L. varieties ...... 15 
2.10  Interaction of carbohydrate physiology, temperature and timing of development 
and maturation ................................................................................................................. 16 
2.10.1  The impact of temperature on photosynthesis and carbohydrates in the 
developing grape berry ........................................................................................ 17 
2.10.2  Source-sink size, activity and resource competition ........................................... 17 
2.10.3  Influence of LA:FW ratio on carbohydrate reserves and subsequent 
growing seasons .................................................................................................. 19 
2.11  Leaf removal and crop removal effects on source-sink size and activity ....................... 19 
2.11.1  Leaf removal ....................................................................................................... 19 
2.11.2  Crop removal ....................................................................................................... 21 
2.11.3  Limits of current knowledge on LA:FW ratio affect on timing of veraison 
and maturity ......................................................................................................... 21 
 ix
2.12  Climate-variety–management interactions ..................................................................... 22 
2.13  Overview ......................................................................................................................... 23 
Chapter 3 Classification of varieties for their timing of flowering and veraison using 
a modelling approach. A case study for the grapevine species Vitis vinifera L................. 24 
3.1  Abstract ........................................................................................................................... 26 
3.2  Introduction ..................................................................................................................... 27 
3.3  Materials and methods .................................................................................................... 29 
3.3.1  Phenological and temperature data ..................................................................... 29 
3.3.2  Grapevine Flowering Veraison Model (GFV) .................................................... 29 
3.3.3  Model parameterisation for individual varieties ................................................. 30 
3.3.4  Spatial and temporal evaluation of the GFV varietal models ............................. 31 
3.4  Results ............................................................................................................................. 32 
3.4.1  Flowering classification ...................................................................................... 32 
3.4.2  Veraison classification ........................................................................................ 32 
3.4.3  Order of classifications ........................................................................................ 32 
3.4.4  Assessing the precision of F* for each variety ................................................... 35 
3.4.5  Spatial and temporal evaluation of variety F* values ......................................... 45 
3.5  Discussion ....................................................................................................................... 50 
3.5.1  Phenophases and characterisation of flowering and veraison for varieties 
of V. vinifera L. ................................................................................................... 50 
3.5.2  Robustness of the classification .......................................................................... 50 
3.5.3  Application of the classification in the context of climate change ..................... 52 
3.5.4  Understanding intra-specific variability combining process-based models 
and breeding ........................................................................................................ 53 
3.5.5  A methodology for characterizing phenology in future studies .......................... 54 
3.6  Conclusion ...................................................................................................................... 54 
Chapter 4 Modelling sugar levels in Vitis vinifera L. varieties using a process-based 
modelling approach to create a classification of timing to reach a sugar concentration 
of 200g/l .................................................................................................................................... 56 
4.1  Abstract ........................................................................................................................... 57 
4.2  Introduction ..................................................................................................................... 59 
4.3  Methods ........................................................................................................................... 62 
4.3.1  Maturity database construction ........................................................................... 62 
4.3.2  Temperature data ................................................................................................. 62 
4.3.3  Process-based models .......................................................................................... 62 
4.3.4  Model selection and validation ........................................................................... 65 
4.3.5  Model parameterisation for different varieties .................................................... 66 
4.3.6  Statistical criteria ................................................................................................. 66 
4.4  Results ............................................................................................................................. 68 
4.4.1  Species model calibration and choice ................................................................. 68 
4.4.2  Sensitivity analysis of temperature parameters for the Wang model .................. 71 
4.4.3  Sensitivity analysis of Tb for the GDD model .................................................... 75 
4.4.4  Sensitivity analysis of t0 ...................................................................................... 75 
4.4.5  Model validation ................................................................................................. 75 
4.4.6  Calibration of the Sigmoid and GFV model at the varietal level ........................ 77 
Sigmoid model ..................................................................................................... 77 
GFV model .......................................................................................................... 78 
4.4.7  Confidence Intervals for varietal calibration using the GFV model ................... 81 
4.5  Discussion ....................................................................................................................... 84 
 x
4.5.1  Model choice ....................................................................................................... 84 
4.5.2  Application of a phenological model to a maturation parameter (sugar 
concentration) of V. vinifera L. ........................................................................... 86 
4.5.3  200g/l sugar as a target value for modelling ....................................................... 86 
4.5.4  Classification of varieties .................................................................................... 87 
4.5.5  Climate-variety-management interactions in the face of climate change ........... 88 
4.5.6  Future modelling options .................................................................................... 88 
4.6  Conclusions ..................................................................................................................... 89 
Chapter 5 Assessing veraison and its relationship to soluble solids .................................. 90 
5.1  Abstract ........................................................................................................................... 91 
5.2  Introduction ..................................................................................................................... 92 
5.3  Materials and Methods .................................................................................................... 94 
5.3.1  Experimental sites ............................................................................................... 94 
5.3.2  Experiment 1: Investigating the onset of maturation at the berry level .............. 94 
Softness assessment ............................................................................................. 94 
Colour assessment ............................................................................................... 95 
Berry composition measurements ....................................................................... 95 
Berry distribution analysis .................................................................................. 95 
5.3.3  Experiment 2: The onset of maturation for a 30-berry sample ........................... 95 
Curve fitting softness/ colour change - soluble solids concentration 
relationships ........................................................................................................ 96 
5.3.4  Statistical analysis and graphics .......................................................................... 96 
5.4  Results ............................................................................................................................. 97 
5.4.1  Softness–soluble solids relationship for individual berries ................................. 97 
5.4.2  Colour change-soluble solids assessment for individual berries ......................... 97 
5.4.3  Softness/colour and soluble solids correlations for the 30- berry samples ......... 97 
5.4.4  Relating soluble solids for different veraison-measurements to soluble 
solids accumulation curves ................................................................................ 102 
5.5  Discussion ..................................................................................................................... 104 
5.5.1  Assessing softness ............................................................................................. 104 
5.5.2  Modelling veraison and the onset of maturation ............................................... 105 
5.6  Conclusion .................................................................................................................... 106 
Chapter 6 The influence of different methods of crop removal on the maturation 
phase of Sauvignon blanc (Vitis vinifera L.) ....................................................................... 107 
6.1  Abstract ......................................................................................................................... 108 
6.2  Introduction ................................................................................................................... 109 
6.3  Materials and Methods .................................................................................................. 111 
6.3.1  Experimental site and design ............................................................................. 111 
6.3.2  Vine management .............................................................................................. 111 
6.3.3  Phenology and berry composition measurements ............................................. 112 
6.3.4  Leaf area estimation .......................................................................................... 112 
6.3.5  Statistical analysis and graphics ........................................................................ 113 
6.4  Results and Discussion .................................................................................................. 114 
6.4.1  The influence of leaf removal method and thinning method on yield 
components and LA .......................................................................................... 114 
6.4.2  The influence of leaf area and thinning method on veraison ............................ 114 
6.4.3  Maturation parameters: soluble solids, titratable acidity, pH and average 
berry weight ....................................................................................................... 114 
6.4.4  Practical implications of different methods of crop thinning ............................ 118 
 xi
6.5  Conclusion .................................................................................................................... 118 
Chapter 7 Altering the leaf area:fruit weight ratio via leaf removal after fruit set 
changes the timing of veraison for Sauvignon blanc and Pinot noir ............................... 121 
7.1  Abstract ......................................................................................................................... 122 
7.2  Introduction ................................................................................................................... 123 
7.3  Methods ......................................................................................................................... 125 
7.3.1  Experimental site ............................................................................................... 125 
7.3.2  Experimental design .......................................................................................... 125 
7.3.3  Vine management .............................................................................................. 126 
7.3.4  Phenology assessment and berry composition measurements .......................... 127 
7.3.5  Leaf area estimation and harvest measures ....................................................... 128 
7.3.6  Modelling and statistical analysis ..................................................................... 129 
7.4  Results ........................................................................................................................... 130 
7.4.1  Gompertz and Logistic curve fitting to phenological development .................. 130 
7.4.2  Treatment timing and percentage crop removal ................................................ 130 
7.4.3  The influence of cultivar, main leaf number per shoot and crop removal on 
yield and leaf parameters ................................................................................... 131 
7.4.4  The influence of LA:FW on veraison for Pinot noir ......................................... 134 
7.4.5  The influence of LA:FW ratio on veraison for Sauvignon blanc ...................... 136 
7.4.6  8 Brix as a measure of onset of maturation ..................................................... 136 
7.5  Discussion ..................................................................................................................... 140 
7.5.1  Leaf area removal influences the time of onset of maturation .......................... 140 
7.5.2  Early leaf removal and yield parameters ........................................................... 140 
7.5.3  Source-sink relationships in the grape vine ....................................................... 141 
7.5.4  Maturity considerations ..................................................................................... 143 
7.5.5  Modelling the effect of LA:FW ratio on the onset of maturation ..................... 143 
7.6  Conclusions ................................................................................................................... 144 
Chapter 8 Leaf area:fruit weight ratio alters soluble solids accumulation ..................... 145 
8.1  Abstract ......................................................................................................................... 146 
8.2  Introduction ................................................................................................................... 147 
8.3  Methods ......................................................................................................................... 150 
8.3.1  Experimental site ............................................................................................... 150 
8.3.2  Experimental design .......................................................................................... 150 
8.3.3  Vine management .............................................................................................. 151 
8.3.4  Fruit development and berry composition measurements ................................. 153 
8.3.5  Modelling and statistical analysis ..................................................................... 153 
8.4  Results ........................................................................................................................... 155 
8.4.1  Soluble solids accumulation in response to LA:FW manipulations applied 
at fruit set ........................................................................................................... 155 
8.4.2  Soluble solids accumulation in response to LA:FW manipulations applied 
at veraison ......................................................................................................... 155 
8.4.3  The time of LA:FW ratio manipulations changes the soluble solids 
response curve ................................................................................................... 159 
8.4.4  Soluble solids at harvest in response to LA:FW ratio manipulations ............... 162 
8.4.5  LA:FW ratio and titratable acidity trajectories ................................................. 162 
8.4.6  LA:FW ratio and pH ......................................................................................... 165 
8.4.7  LA:FW ratio and average berry weight ............................................................. 168 
8.4.8  Interrelationships of berry composition components ........................................ 168 
8.5  Discussion ..................................................................................................................... 173 
 xii
8.5.1  LA:FW manipulations influence onset and rates of soluble solids 
accumulation ..................................................................................................... 173 
8.5.2  Varietal responses to LA:FW manipulations .................................................... 174 
8.5.3  The influence of LA:FW ratio on other maturity parameters ........................... 175 
8.5.4  Modelling phenology and maturation ............................................................... 176 
8.6  Conclusions ................................................................................................................... 177 
Chapter 9 Regression modelling of soluble solids accumulation in response to leaf 
area to fruit weight ratio manipulations for Vitis vinifera L. Sauvignon blanc and 
Pinot noir ............................................................................................................................... 178 
9.1  Abstract ......................................................................................................................... 179 
9.2  Introduction ................................................................................................................... 181 
9.3  Methods ......................................................................................................................... 184 
9.3.1  Experimental site ............................................................................................... 184 
9.3.2  Experimental design .......................................................................................... 184 
9.3.3  Vine management .............................................................................................. 184 
9.3.4  Soluble solids measurements ............................................................................ 185 
9.3.5  Leaf area and harvest parameters ...................................................................... 185 
9.3.6  Modelling of soluble solids accumulation ........................................................ 186 
9.3.7  Statistical and modelling analysis ..................................................................... 186 
9.4  Results ........................................................................................................................... 188 
9.4.1  Model choice for DOY to reach 8 Brix, duration (time for 8 to 14.2 
Brix) and harvest soluble solids ....................................................................... 188 
9.4.2  Non-linear regression models for LA:FW ratio manipulations and the 
onset of maturation as measured at 8 °Brix (DOY) .......................................... 188 
9.4.3  Non-linear regression models for LA:FW ratio manipulations and the 
onset of maturation as measured using the thermal summation calculated 
with the GFV model corresponding to the DOY to reach 8 °Brix .................... 193 
9.4.4  Regression models for relationship between LA, LA:FW ratio and 
duration from 8 to 14.2 °Brix ............................................................................ 198 
9.4.5  Regression model choice and analysis for relationships between LA, 
LA:FW ratio and soluble solids at harvest ........................................................ 201 
9.4.6  Comparison of varieties for GFV model for the DOY to 8 Brix and 
harvest soluble solids ........................................................................................ 203 
9.5  Discussion ..................................................................................................................... 206 
9.5.1  Absolute time versus thermal time modelling ................................................... 206 
9.5.2  Crop removal alters the LA:FW ratio and time of veraison .............................. 208 
9.5.3  Modelling rates and duration (from 8 to 14.2 Brix) ........................................ 208 
9.5.4  Laterals influence soluble solids accumulation post-veraison .......................... 208 
9.5.5  Harvest soluble solids ........................................................................................ 209 
9.6  Conclusions ................................................................................................................... 210 
Chapter 10 Discussion .......................................................................................................... 211 
10.1  Central questions ........................................................................................................... 211 
10.2  Process-based phenological modelling ......................................................................... 212 
10.3  Regression modelling of the influence of LA:FW ratio on phenology and 
maturation ..................................................................................................................... 213 
10.4  Decoupling of maturation parameters via increased temperatures or altering the 
LA:FW ratio .................................................................................................................. 214 
10.5  Climate change: cultivar choice and crop management ................................................ 214 
10.6  Berry variability ............................................................................................................ 216 
 xiii
References ............................................................................................................................. 218 
Appendix I. Penetrometer .................................................................................................... 230 
Appendix II. Defining the relationship between main leaf area (cm2) and main leaf 
fresh weight (kg). .................................................................................................................. 231 
Leaf area estimation .......................................................................................... 231 
Season influenced the leaf area: fresh weight relationship .............................. 231 
Regressions for each season ............................................................................. 231 
Appendix III. Complete model tests for model choice for DOY to reach 8 Brix, 
duration (time for 8 to 14.2 Brix) and harvest soluble solids .......................................... 233 
Appendix IV. Data providers .............................................................................................. 237 
 xiv
List of Tables 
Table 3-1  Classification and statistical assessment of 95 varieties for their timing of 
flowering using the GFV model. ........................................................................... 33 
Table 3-2  Classification and statistical assessment of 104 varieties for their timing of 
veraison using the GFV model. ............................................................................. 36 
Table 3-3  Measure of spatial variation between populations for different sites for 
flowering of the five most represented varieties.................................................... 46 
Table 3-4  Measure of spatial variation between populations for different sites for 
veraison of the five most represented varieties. .................................................... 47 
Table 3-5  Measure of temporal variation between populations for different years for 
flowering of the five most represented varieties.................................................... 48 
Table 3-6  Measure of temporal variation between populations for different years for 
veraison of the five most represented varieties. .................................................... 49 
Table 4-1  Parameter values and statistical criteria of the seven models calibrated using 
daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L. ................................................... 69 
Table 4-2  Parameter values and statistical criteria of the six models calibrated using 
daily maximum temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L. ................................................... 70 
Table 4-3  Parameter values and statistical criteria of the six models calibrated using 
hourly temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L. ................................................... 71 
Table 4-4  Parameter values and statistical criteria of the six models calibrated using 
daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding to a sugar concentration of 200g/L with the exclusion of two 
outlying values from the calibration set. ............................................................... 73 
Table 4-5  Parameter values and statistical criteria of the six models validated using 
daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding to a sugar concentration of 200g/L. ............................................... 77 
Table 4-6  Classification and statistical assessment of varieties for their timing of Day 
Of the Year (DOY) to reach a sugar concentration of 200g/L using the 
Grapevine Flowering Veraison (GFV) and Sigmoid models. ............................... 79 
Table 5-1  Summary of soluble solids for Pinot noir and Sauvignon blanc for a range 
of different veraison measures. Values are given to 1 decimal place. NA= 
Not applicable. ..................................................................................................... 101 
Table 5-2  Statistical assessment of Gompertz curve versus Logistic fit for veraison 
(%) measures of Sauvignon blanc and Pinot noir. ............................................... 102 
Table 6-1  Mean harvest values for % crop removed, grape bunch number, yield and 
Leaf Area to Fruit Weight (LA:FW) ratio for two-way ANOVA comparing 
main effects of leaf number and thinning method. .............................................. 114 
Table 6-2  Effects of leaf number and thinning method treatments on veraison 
parameters for two-way ANOVA comparing main effects of leaf number 
and thinning method. ........................................................................................... 115 
Table 7-1  Experimental treatments and corresponding ratios. ............................................ 126 
Table 7-2  Date and Day Of the Year (DOY, in parentheses) for budburst and 
flowering dates for Pinot noir and Sauvignon blanc in the 2009-2010 and 
2010-2011 seasons. .............................................................................................. 127 
 xv
Table 7-3  Total residual sum of squares values for all individual plots fitted with 
Gompertz and Logistic curves fits for budburst, flowering and veraison. .......... 130 
Table 7-4  Percentage crop removal achieved for Sauvignon blanc and Pinot noir in the 
2009-2010 and 2010-2011 seasons. ..................................................................... 131 
Table 7-5  Effect of variety, main leaf number per shoot and crop removal on 
grapevine yield and leaf parameters for 2009-2010. ........................................... 132 
Table 7-6  Effect of variety, main leaf number per shoot and crop removal on 
grapevine yield and leaf parameters for 2010-2011. ........................................... 133 
Table 7-7  % Percentage of total sum of squares for treatment effects on veraison 
parameters assessed by ANOVA for Pinot noir. ................................................. 135 
Table 7-8  Means comparisons for time and duration of veraison (from in-field colour 
change observations) for Pinot noir. .................................................................... 135 
Table 7-9  Percentage of total sum of squares for treatment effects on veraison 
parameters assessed by ANOVA for Sauvignon blanc. ...................................... 137 
Table 7-10  Means comparisons for time and duration of veraison for Sauvignon blanc. ..... 137 
Table 7-11  % of total sum of squares for treatment effects on the Day Of the Year 
(DOY) for grapes to reach a soluble solids of 8 Brix  ssessed by ANOVA. ..... 138 
Table 8-1  Experimental treatments and corresponding ratios. ............................................ 151 
Table 8-2  Time of Leaf Area to Fruit Weight (LA:FW) ratio manipulations. ..................... 152 
Table 8-3  % of total sum of squares for treatment effects on the duration and rates of 
soluble solids accumulation for treatments applied at fruit set assessed by 
ANOVA. .............................................................................................................. 157 
Table 8-4  Effect of main leaf removal and crop removal at fruit set on soluble solids 
accumulation. ....................................................................................................... 158 
Table 8-5  % of total sum of squares for treatment effects on the duration and rates of 
soluble solids accumulation for treatments applied at veraison assessed by 
ANOVA in 2009-2010. ....................................................................................... 160 
Table 8-6  Effect of main leaf removal and crop removal at veraison on soluble solids 
accumulation in 2009-2010. ................................................................................ 161 
Table 8-7  Comparison of treatment effects on harvest values for soluble solids (Brix), 
titratable acidity and pH of LA:FW ratio manipulations at fruit set and 
veraison assessed by ANOVA. ............................................................................ 163 
Table 8-8  Harvest values for soluble solids (Brix), titratable acidity and pH of 
LA:FW ratio manipulations at fruit set and veraison in 2009-2010. ................... 164 
Table 8-9  Harvest values for soluble solids (Brix), titratable acidity and pH of 
LA:FW ratio manipulations at fruit set in 2010-2011. ........................................ 164 
Table 9-1  Experimental design. ........................................................................................... 184 
Table 9-2  Comparison of Day Of the Year (DOY) regressions by the student t-test 
(significant level p <0.05) between ‘100% crop no laterals’ treatment and a. 
‘50% crop no laterals’ treatment and b. ‘100% crop laterals’ treatment. ............ 189 
Table 9-3  Comparison of Grapevine Flowering Veraison (GFV) model regressions by 
the student t-test (significant level p <0.05) between ‘100% crop no laterals’ 
treatment and a. ‘50% crop no laterals’ treatment and b. ‘100% crop 
laterals’ treatment. ............................................................................................... 191 
 
 xvi
List of Figures 
Figure 1-1   Schematic of main components considered in understanding modelling of 
varietal phenology and maturation. ......................................................................... 2 
Figure 1-2  Flow diagram of chapters presented in the thesis. ................................................... 3 
Figure 3-1  Thermal time of flowering and veraison for 95 varieties for which there was 
both flowering and veraison data. .......................................................................... 39 
Figure 3-2  Relationship between the magnitude of Confidence Interval for the thermal 
time (F*), the number of observations and the number of sites used to 
calibrate this parameter for each variety. ............................................................... 41 
Figure 3-3  Time of flowering for a. early b. middle and c. late varieties based of the F* 
parameter estimates. .............................................................................................. 42 
Figure 3-4  Timing of veraison for early . early b. middle and c. late varieties based on 
the F* parameter estimates. ................................................................................... 43 
Figure 4-1  Distribution of number of data points in the database by a. year b. site 
number and c. variety. ........................................................................................... 63 
Figure 4-2  Scatterplot of predicted and observed Day Of the Year (DOY) of the 
calibration dataset for the seven models. ............................................................... 72 
Figure 4-3  Change in EF with increasing Tmin for the Wang model when Topt = 28 C 
(calibration value), t0 = fitted and Tmax was tested at three values (40 C, 
calibration value, 45 C and 50 C). ...................................................................... 73 
Figure 4-4  Change in EF with increasing Tmax for the Wang model when Tmin = 0 C, 
Topt = 28 C and t0 = fitted. .................................................................................. 74 
Figure 4-5  Change in Topt (C) with increase in t0 for the Wang model when Tmin = 0 
C, and Tmax = 40, 45 or 50 C. ........................................................................... 74 
Figure 4-6  Characterisation of Tb (C) for the GDD model. .................................................. 76 
Figure 4-7  Change in EF with increasing t0 (Day Of the Year, DOY) values for three 
models (six variations in total). ............................................................................. 76 
Figure 4-8  Classification by F* and associated Confidence Intervals (CIs) for the 
modelling of 26 varieties for the day of the year to reach a sugar 
concentration of 200g/l  using the GFV model. .................................................... 82 
Figure 4-9  Characterisation of phenophases using the GFV model. ....................................... 83 
Figure 5-1  Relationship between scoring of green-hard, green-soft, red-soft grape 
berries and two measures of softness. a. deformability and b. elasticity for 
Pinot noir. Soluble solids were measured as Brix. ............................................... 98 
Figure 5-2  Relationship between scoring of green-hard, green-soft, and two measures 
of softness. a. deformability and b. elasticity for Sauvignon blanc grape 
berries. Soluble solids were measured as Brix. .................................................... 99 
Figure 5-3  Veraison scoring and soluble solids (Brix) correlations for 30-berry 
samples of Pinot noir. .......................................................................................... 100 
Figure 5-4  Relationship between percentage of soft berries in each 30-berry sample and 
soluble solids (measured as Brix) of the whole crushed sample for 
Sauvignon blanc grapes. ...................................................................................... 101 
Figure 5-5  Soluble solids accumulation (Brix) of whole crush samples of 30 berries. a. 
Pinot and b. Sauvignon blanc. ............................................................................. 103 
Figure 6-1  Soluble solids accumulation for different leaf number and thinning methods. ... 116 
Figure 6-2  Change in average berry weight (g) for different leaf number and thinning 
methods. ............................................................................................................... 116 
 xvii
Figure 6-3  Change in berry sugar content (g per berry) for different leaf number and 
thinning methods. ................................................................................................ 117 
Figure 6-4  Change in titratable acidity (g/L) for different leaf number and thinning 
methods. ............................................................................................................... 119 
Figure 6-5  Change in pH for different leaf number and thinning methods. .......................... 119 
Figure 7-1  Onset of maturation measured as the Day Of the Year (DOY) to reach a 
soluble solids of 8 Brix in grapes of Pinot noir and Sauvignon blanc for 
crop removal and leaf removal treatments applied after fruit set. ....................... 139 
Figure 8-1  Soluble solids accumulation (Brix) for different Leaf Area to Fruit Weight 
(LA:FW) ratios. ................................................................................................... 156 
Figure 8-2  Change in titratable acidity (g tartrate/L) for different Leaf Area to Fruit 
Weight (LA:FW) ratios. ...................................................................................... 166 
Figure 8-3  Change in pH for different Leaf Area to Fruit Weight (LA:FW) ratios. ............. 167 
Figure 8-4  Change in berry weight (g) for different Leaf Area to Fruit Weight 
(LA:FW) ratios. ................................................................................................... 169 
Figure 8-5  Relationship between pH and titratable acidity at different Leaf Area to 
Fruit Weight (LA:FW) ratios. .............................................................................. 171 
Figure 8-6  Relationship between soluble solids and titratable acidity at different Leaf 
Area to Fruit Weight (LA:FW) ratios. ................................................................. 172 
Figure 9-1  Models for Pinot noir for the relationship between main leaf area (LA; m2/m 
of row) or main Leaf Area to Fruit Weight ratio (LA:FW; m2/kg) and the 
Day Of the Year (DOY) to reach 8 Brix for 100% crop, no laterals, or 50% 
crop, no laterals, or 100% crop, laterals. ............................................................. 192 
Figure 9-2  Models for Sauvignon blanc for the relationship between main leaf area 
(LA; m2/m of row) or main Leaf Area to Fruit Weight ratio (LA:FW; 
m2/kg) and the Day Of the Year (DOY) to reach 8 Brix for 100% crop, no 
laterals, or 50% crop, no laterals, or 100% crop, laterals. ................................... 194 
Figure 9-3  Models for Pinot noir for the relationship between main Leaf Area (LA; 
m2/m of row) or main Leaf Area to Fruit Weight ratio (LA:FW; m2/kg) and 
Grapevine Flowering Veraison (GFV) model summation for the Day Of the 
Year (DOY) to reach 8 Brix for 100% crop, no laterals, or 50% crop, no 
laterals, or 100% crop, laterals. ........................................................................... 195 
Figure 9-4  Models for Sauvignon blanc for the relationship between main leaf area 
(LA; m2/m of row) or main leaf area to fruit weight ratio (LA:FW; m2/kg) 
and the Grapevine Flowering Veraison (GFV) model summation for the 
Day Of the Year (DOY) to reach 8 Brix for 100% crop, no laterals, or 50% 
crop, no laterals, or 100% crop, laterals. ............................................................. 196 
Figure 9-5  Models for Pinot noir the relationship between main Leaf Area (LA; m2/m 
of row) or main Leaf Area to Fruit Weight ratio (LA:FW; m2/kg) and 
duration (number of days to go from 8 Brix to 14.2 Brix) for 100% crop, 
no laterals, or 50% crop, no laterals, or 100% crop, laterals. .............................. 199 
Figure 9-6  Models for Sauvignon blanc and the relationship between main Leaf Area 
(LA; m2/m of row) or main Leaf Area to Fruit Weight ratio (LA:FW; 
m2/kg) and duration (number of days to go from 8 Brix to 14.2 Brix) for 
100% crop, no laterals, or 50% crop, no laterals, or 100% crop, laterals. ........... 200 
Figure 9-7  Models for Pinot noir for the relationship between main Leaf Area (LA; 
m2/m of row) or main Leaf Area to Fruit Weight ratio (LA:FW; m2/kg) and 
harvest soluble solids (Brix) for 100% crop, no laterals, or 50% crop, no 
laterals, or 100% crop, laterals. ........................................................................... 202 
 xviii
Figure 9-8  Models for Sauvignon blanc for the relationship between main Leaf Area 
(LA; m2/m of row) or main Leaf Area to Fruit Weight ratio (LA:FW; 
m2/kg) and harvest soluble solids (Brix) for 100% crop, no laterals, or 50% 
crop, no laterals, or 100% crop, laterals. ............................................................. 204 
Figure 9-9  Models for the relationship between main Leaf Area to Fruit Weight ratio 
(LA:FW; m2/kg) and the Grapevine Flowering Veraison (GFV) model 
summation for the Day Of the Year (DOY) to reach 8 Brix for Pinot noir 
and Sauvignon blanc (with 50% crop removal no laterals). ................................ 205 
Figure 10-1 Conceptual framework of key thesis outcomes. .................................................. 217 
 xix
Abbreviations 
ABA   Abscisic acid 
AIC   Akaike Information Criterion 
CI `  Confidence Interval 
D   Diameter 
DOY    Day Of the Year 
E   Elasticity 
EF   Model efficiency 
E-L   Eichhorn and Lorenz 
FW   Fruit weight 
F   Fisher 
F   Force 
LA   Leaf Area 
LA:FW  Leaf area to Fruit Weight 
LSD   Least Significant Difference 
GDD   Growing Degree Days 
GFV   Grapevine Flowering Veraison 
MBE   Mean Bias Error 
MS   Minimum Square 
p   Probability 
R   Radius 
RMSE   Root Mean Squared Error 
SS   Sum of Squares 
SSRes   Residual Sum of Squares 
SW    Spring warming 
VSP   Vertical Shoot Position 
 xx
VvHT1  Vitis vinifera hexose transporter 1 
V.vinifera L  Vitis vinifera L. 
1 
 
    Chapter 1  
Introduction 
Variety, region, environment (e.g. light, temperature, soil, rainfall, frost) and viticulture 
practices (e.g. pruning, trimming, cluster thinning, irrigation) all have an influence on 
grapevine (Vitis vinifera L.) phenological development and berry maturation. To 
understand differences between varieties in response to the environment and to viticultural 
practices, there are several different approaches and scales to address these interactions. 
Modelling such processes can offer an insight into responses and provide predictions for 
the future.  
This work explores the interface between genetic, environment and management 
interactions on the timing of the phenological stages of flowering, veraison and berry 
maturation for different varieties. Process-based phenological modelling and empirical 
modelling techniques are used to understand these interactions (Figure 1-1). Although 
many environmental factors influence berry composition at harvest (Jackson and Lombard 
1993), and genetic and molecular mechanisms behind berry variability are starting to be 
elucidated (Dai et al. 2011), temperature is considered the key environmental driver of 
phenology (Winkler 1962, Jackson and Lombard, 1993, Jones 2000, Jones et al. 2005). 
Currently we do not have an in depth classification based on a phenological model of 
different varieties for various phenological stages that has been calibrated over a 
temporally and spatially diverse dataset. The first part of the thesis therefore tests 1) the 
capacity of a previously developed temperature based phenological model, the Grapevine 
Flowering Veraison model (GFV) (Parker et al. 2011) to classify different varieties for 
flowering and veraison and 2) tests a wider range of different process-based models (GFV 
included) for the prediction of sugar concentration (defined at 200g/L), which is one 
component of berry maturity. 
An understanding of how management practices influence varietal phenology and berry 
composition is equally important to ensure a target berry composition is achieved before 
the end of the growing season. Management practices that alter the Leaf Area to Fruit 
Weight ratio (LA:FW), such as leaf removal or crop removal, change the carbohydrate 
source-sink balance in the vine. Of interest is the extent to which manipulating the source-
sink balance of the grapevine affects the timing of the key phenological stage of veraison 
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(measured as a change from green to translucent for white varieties, or a change of colour 
from green to red in red varieties) and maturation parameters, in particular sugar, pH and 
titratable acidity concentration. The current literature has produced often conflicting results 
and often takes into account values at harvest without gaining an understanding of when 
and how these differences are actually generated. Often only one variety is studied so it is 
unclear to what degree the response is also varietal dependent. A key focus area of the 
thesis therefore was to address whether 1) LA:FW ratio changes alter the time of veraison 
and the accumulation or decrease in maturation parameters, whether 2) leaf removal or 
crop removal is more pertinent in driving these changes and 3) if the response is the same 
or different for different varieties.  
 
Figure 1-1  Schematic of main components considered in understanding modelling 
of varietal phenology and maturation. 
 
Three central questions were defined:  
1) What are the differences in phenology and berry composition between varieties as 
a function of thermal time?  
2) How does the LA:FW ratio influence varietal phenology, timing and evolution of 
berry composition? 
3) To what extent do varieties behave in similar way at the same LA:FW ratio?  
Modelling 
Varietal 
Phenology 
and maturity
Management:
LA:FW ratio
Genetic:
Varieties
Enivronment: 
Temperature
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Question 1) addresses the interaction of temperature with varietal phenology and maturity, 
question 2) addresses the elasticity of that response and how it may be influenced by crop 
management and question 3) addresses whether the responses observed for 1) and 2) can 
be generalised across different varieties or are variety specific. Various modelling 
approaches were used to interpret vine responses observed in vineyards. 
Figure 1-2 depicts the structure of the thesis by chapter.  
 
Figure 1-2 Flow diagram of chapters presented in the thesis. 
The following section, Chapter 2 will describe in detail the current knowledge in the 
literature providing the background to the three central questions and the chapters that 
have been outlined. 
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    Chapter 2 
Literature Review 
2.1 Grapevine phenology 
Phenology is the study of the different developmental stages of plants and animals 
throughout the year and the relationship of these events to environmental cues. The 
modified Eichhorn and Lorenz scale (E-L) (Coombe 1995) outlines 47 stages of grapevine 
phenological development from the winter bud through to leaf fall. These stages reflect the 
concurrent development of vegetative (e.g. leaves, tendrils, shoots and canes) and 
reproductive organs of the vine (e.g. flowers and berries). 
Understanding and anticipating the timing of the various phenological stages is important 
from a practical point of view, to carry out management practices at a suitable time and 
ultimately, to enable a target berry composition at harvest to be achieved.  
Some phenological stages like budburst, leaf unfolding and flowering are often monitored 
by field observations and the timing of event is considered to have occurred when 50% 
appearance of the stage can be measured (for example, 50% cap fall is identified as the 
stage of ‘flowering’). However, other stages such as veraison which is described as 
softness or colour change in the modified E-L phenological scale (Coombe 1995) are less 
clear as two measurements are identified and used. Furthermore, stage 38, “Harvest, Berry 
ripe” could lend to a range of interpretations/measurements depending on the target berry 
composition. 
The time of different phenological stages differs between varieties which is also another 
important consideration in studies investigating grapevine phenology. Several different 
varieties have been investigated using historical data however, Sauvignon blanc is the most 
represented grape variety in New Zealand (52% of total hectares planted in grapes and 
69% of the total tonnes of grapes harvested in the 2012 vintage) followed by Pinot noir 
(14% of total hectares planted in grapes and 9% of the total tonnes of grapes harvested in 
the 2012 vintage) (New Zealand Winegrowers’ Annual Report, 2012). Consequently, these 
two varieties were studied in detail within the thesis. The choice of these two varieties also 
enables a white variety and red variety to be analysed and compared within the same study 
parameters. 
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2.2 Flowering 
Flowering occurs when the corolla dries and falls off, the flowers separate and the 
inflorescences become visible; this corresponds to stage 31 on the modified E-L 
developmental scale (Coombe 1995). 
The number of inflorescences are determined in the previous season (up to four but often 
one or two), with partial differentiation occurring over winter before dormancy (Srinivasan 
and Mullins 1981). The number of flowers per inflorescence is established during the 
season when the inflorescence is visible and is determined during and after budburst 
(Srinivasan and Mullins 1981, Carmona et al. 2008), with variation in temperatures pre-
budburst being a predominant driver in the variation in individual flower number per 
inflorescence (Keller et al. 2010). The number of inflorescences and the amount of 
individual flowers per inflorescence and the number of these flowers that successfully set 
influence the yield per vine (in addition to shoots per vine) (Keller et al. 2010). 
2.3 Berry development and veraison 
2.3.1 Berry development  
Grape berry growth follows a double sigmoid response curve with three main development 
stages: the first stage, starting at fruit set, is the rapid growth phase where cell division 
occurs (Coombe 1992, Robinson and Davies 2000); the second stage is the lag phase 
where there is very little change in berry size and seed size and fresh weight reach a 
maximum at the end of this stage (Ristic and Iland 2005). Veraison occurs at the transition 
point between the second and third phase (Coombe 1992, Ollat et al. 2002, Dai et al. 
2010). The third phase, the rapid growth phase, is where berries expand rapidly in size due 
to water and sugar accumulation (Coombe 1992) and is an important phase where 
concentrations of various metabolites increase or reduce in the berry. 
2.3.2 Veraison 
The modified E-L phenological scale identifies veraison as two stages - Stage 34: “berries 
begin to soften, soluble solids starts increasing” and Stage 35, “berries begin to colour 
and enlarge” which corresponds to a change from green to translucent for white varieties, 
or from green to red in red varieties (Coombe 1995). The 50% appearance of veraison 
(half of the monitored berries changes colour or are soft) is often monitored in practice. 
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The two measures - softness and colour change - are often used interchangeably even if 
softness precedes colour change (Coombe 1995).  
Veraison is also referred to the as the onset or the start of maturation/ripening and it is 
around the time of veraison a cascade of changes in berry physiology and composition are 
actually occurring, preceding the process of berry maturation. Seed maturity, when seeds 
reach their final size, maximum fresh weight and have the capacity to germinate, is an 
early physiological event in the cascade (Ristic and Iland 2005, Adams 2006). Berry 
weight then increases, followed by berry softening which is the result of the disassembly 
of the mesocarp cell walls (Huang and Huang 2001). The diameter stops increasing during 
the lag phase of berry development and following this softness occurs first before the rapid 
expansion (and therefore weight increase) of the berry in the third growth phase. Previous 
research has quantified changes 1) elasticity which is a measure of compression of a 
spherical object between two plates taking into account the radius (Ravi et al. 2006) or 2) 
deformability which corresponds to the amount of change in berry diameter as a result 
from an applied load (Coombe and Bishop, 1980) of berries as physiological measures of 
this softening process at veraison (Coombe and Bishop 1980, Coombe and Phillips 1980, 
Lang and During 1991, Thomas et al. 2008). Although an increase in soluble solids 
concentration has been measured to coincide with changes to softness (turgor, 
deformability and elasticity) (Thomas et al. 2008, Coombe and Bishop 1980, Coombe and 
Phillips 1980), correlations of deformability or elasticity with soluble solids concentrations 
are less well defined.  
Some of the key changes that occur in the berry at the time of veraison are: the transport of 
metabolites like sugar, and water, the sugar’s solvent, via the phloem into the berry and 
storage reserves accumulate in the endosperm (Brummell 2006, Rogiers et al. 2001, 
Rogiers et al. 2006); organic acids, notably malate degrade, chlorophyll degrades, seeds 
undergo colour change from green to yellow as a result of oxidation (Ristic and Iland 
2005, Adams 2006). 
The metabolic changes that occur at the time of veraison are now starting to be elucidated 
at the molecular level. Global transcriptional profiles of pericarp samples have been 
significantly associated with colour or firmness, but berry pigmentation was found to be a 
better indicator of ripening initiation than berry firmness or colour and firmness combined 
(Lund et al. 2008). Specifically, transcriptional changes were associated with two receptor-
like kinases, one putative receptor-like kinase, 17 transcription factors, and a response 
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regulator along with a general down-regulation of signal transduction components (Lund et 
al. 2008). Sugar itself and abscisic acid (ABA) have been shown to induce anthocyanin 
biosynthesis in model systems (Solfanelli et al. 2006, Loreti et al. 2008) and in grape 
culture (Matsushima et al. 1989, Larronde et al. 1998, Gambetta et al. 2010), indicating a 
relationship between sugar levels and veraison in the form of colour change itself. 
Gambetta et al. (2010) further described this relationship at a molecular level whereby they 
found from transcriptional data analysis that many sugar and ABA-signalling orthologs 
were expressed during maturation. This demonstrated that ABA and sugar itself played 
important roles in the regulation of gene expression at veraison. Therefore the molecular 
changes that occur at the onset of maturation/veraison are often linked or occurring in 
synchrony and remain complex. It is not clear how many markers need to be considered as 
indicators of veraison and during maturation but is important to be able to define which 
parameter(s) can be used. Therefore there is the potential to measure and model the 
traditional observations of colour change and softness and to correlate these measurements 
with easily measurable maturity parameters such as soluble solids or titratable acidity. 
2.4 Maturity as a phenological stage 
On the modified E-L scale (Coombe 1995) of grapevine phenology the stage of maturity is 
identified as stage 38, “Harvest, Berries ripe” and often harvest dates are used as 
measures of phenological maturity. However, harvest dates as indicators of a phenological 
stage do not necessarily correspond to the same stage of development in all situations 
because 1) grapes may not be harvested at equivalent composition because of the logistics 
of grape reception and 2) harvest dates can differ due to differences in desired target 
composition depending on region and end use of a variety (for example grapes for 
sparkling wine are harvested at a lower soluble solids concentration than the same grapes 
to be used for still wine); these differences reflect differences in the state of berry 
development. Consequently, there is no one single set of parameters that equate to the 
stage 38 “Berry ripe”. The following section outlines some of the important berry 
components that are commonly measured for target berry composition.  
2.4.1 Berry weight 
Measured as fresh weight, berry weight is proportional to berry size at veraison and is a 
varietal characteristic (Ollat et al. 2002). Scion-rootstocks interactions and other external 
and internal factors may influence berry size, notably the number of seeds per berry, 
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carbon nutrition, temperature, light as well as nitrogen and water supply (Ollat et al. 2002). 
Berry weight is also used to calculate sugar content (expressed in g/g berry) of berries to 
correct for changes in berry size relative to an increase or decrease in berry water content.  
2.4.2 Water and carbon metabolism 
During the third phase of berry development - the rapid growth phase as outlined in 
Coombe, (1992), water is transported into the berry predominantly through the phloem 
(post-veraison) (Creasy and Lombard 1993, Greenspan et al. 1994) although the xylem 
remains connected and functional post-veraison (Rogiers et al. 2001, Bondada et al. 2005, 
Rogiers et al. 2006).  
Carbon metabolism and accumulation of its related metabolites is central to berry 
development and maturation contributing to 40-50% berry dry weight (Ollat and 
Gaudillère 2000). Carbon metabolites correspond to the high concentration of sugar that 
accumulates during berry maturation, although carbon fluxes include protein and amino 
acids during this period (Coombe 1992). Sugar accumulation in the grape berry involves 
sucrose being transported from the phloem to the cytoplasm of mesocarp cells and 
converted to glucose and fructose (at almost a 1:1 ratio) (Conde et al. 2007), although the 
site of this hydrolysis is still unclear (Davies and Robinson 1996, Robinson and Davies 
2000). Dai et al. (2010) have summarized in detail some of the molecular regulation of 
sugar and water influx/efflux in berries; of note Jaillon et al. (2007) identified 59 putative 
hexose transporters. This indicates active transport mechanisms are occurring alongside 
the activities of sucrose metabolic enzyme invertase (INVs) which cleaves sucrose into 
glucose and fructose (most highly expressed pre-hexose accumulation) and sucrose 
synthases that maintain a gradient for mass flow (Davies and Robinson 1996). In addition 
to regulation of transport of sugar into the cells, sugar molecules themselves have been 
identified to have signalling roles in the regulation of gene expression via the regulation of 
the VvHT1 protein (Vitis vinifera hexose transporter 1) (Conde et al. 2006). 
2.4.3 Organic acids 
Tartaric, malic and citric are the main acids that accumulate in berries prior to the 
maturation phase and reach their maximum concentrations around veraison. The total 
titratable acidity is measured as tartaric or sulphuric acid equivalents. Tartaric and malic 
acids account for over 90% of the total titratable acidity in berries and are synthesised by 
different pathways during photosynthesis. A reduction in photosynthetic activity does not 
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normally limit titratable acidity concentration (Jackson and Lombard 1993). A decrease in 
titratable acidity concentration during maturation is related to the respiration rate of the 
berry and is a function of temperature (Kliewer 1973, Ribéreau-Gayon et al. 2006); 
notably malic acid which is principally located in adult leaves but is also present in berries, 
declines more slowly in cooler climates (Jackson and Lombard 1993). 
2.4.4 pH 
The pH of the must often has the same response function as soluble solids during 
maturation and can be considered useful in determining harvest time. Kliewer (1973) 
demonstrated that juice pH is positively correlated with ambient temperature. pH as a 
measure at maturity is most correlated with vintage/ season (climate) and cultivar (van 
Leeuwen et al. 2004). 
2.4.5 Secondary metabolites 
Different secondary metabolites are of interest depending on the variety and wine style that 
is desired. These include (and by no means an exclusive list) anthocyanins, thiols, phenolic 
compounds, amino acids and others. For example, anthocyanins which occur at different 
levels in different red varieties are also influenced by environmental conditions, notably 
temperature (Tarara et al. 2008, Sadras and Moran 2012) and crop management (Petrie and 
Clingeleffer 2006). In white varieties, an example of important aroma and flavour 
compounds are monoterpenes in Gewürztraminer (Reynolds and Wardle 1989b). Other 
compounds occur in both red and white varieties but may only be desired in one of the two 
styles; for example Methoxypyrazines are considered a positive/typical compound that 
contributes to Sauvignon blanc aroma (Allen et al. 1988), but are not desired in the 
production of wine from Cabernet-Sauvignon grapes (Roujou de Boubee et al. 2000). 
Therefore differences in flavour and aroma compounds need to be considered when 
deciding on cultivar suitability and LA:FW ratio manipulations in terms of berry 
metabolomics and wine biochemistry. Secondary metabolites are not within the scope of 
the modelling of phenology and maturation outlined for this project. 
2.5 The influence of temperature on development 
Temperature and photoperiod are considered fundamental drivers of plant phenology 
(Menzel and Fabian 1999, Menzel et al 2006, Cleland et al. 2007). The speed of 
development for a plant is often defined by a linear relation with temperature (Bonhomme 
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2000) including the grapevine (Winkler 1962, Moncur et al. 1989, Huglin and Schneider 
1998, Oliveira 1998, Duchêne et al. 2010, Nendel 2010). Grapevine phenology is therefore 
correlated with local conditions, notably temperature and genetics (varietal choice) 
(Gladstones 1992, van Leeuwen et al. 2004, van Leeuwen et al. 2008) and it has been 
shown that temperature is the predominant influence on development over light intensity 
(Buttrose 1969). However, local conditions include not only temperature but also the soil, 
rain, solar radiation, evapotranspiration, day length, frosts, snow, topography and vineyard 
management and therefore these other factors may have a synergistic effect on the timing 
of phenology (Jackson and Lombard, 1993, Jones 2003, van Leeuwen et al. 2004).  
Lower limit temperatures for grapevine development have been defined as between -15°C 
and  -20°C (Winkler et al. 1974, Riou 1994) and at a cellular level, temperatures that are 
too low can cause cells to rupture, denaturation of enzymes and disrupt cell membrane 
function. Above minimal temperatures the speed of biochemical reactions increase until a 
maximal rate is achieved. However, temperatures that are too high can denature enzymes 
and cause certain processes to slow or stop; for example, stomata close in leaves above 
36°C (Lebon 2002). 
2.5.1 The effect of temperature on various phenological stages 
Budburst 
The air temperature during winters and spring is the principal factor determining the 
timing of this phenological stage although other factors may influence the timing of 
budburst like the time of pruning (Martin and Dunn 2000, Friend and Trought 2007). 
Globally for different plants it has been found that the daily temperatures explain around 
70% of the inter-annual variability (by modelling processes) for budburst (Menzel and 
Fabien 1999). For the grapevine the end of dormancy and induction of budburst requires a 
cold period (Bibabe 1965b, Pouget 1988, Chuine et al. 2003) and it has been suggested this 
corresponds to a period of five to seven days with temperatures less than 10°C for the 
grapevine (Pouget 1988, Jones and Davis 2000). Warmer winters could delay budburst if 
there is an insufficient cold period (accumulation of cool temperatures) (Bibabe 1965ab). 
Once dormancy has ended, warm temperatures contribute to the appearance of budburst. 
Pouget (1966) showed that the speed of budburst corresponded to an exponential function 
between the temperatures of 15 and 25°C (for Traminer, Merlot and Ugni Blanc) above 
which budburst was irregular. Both chill and heat temperature effects have been integrated 
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in a phenological model for the grapevine (Garcia de Cortázar-Atauri et al. 2009) whereas 
other models depend solely on heat accumulation (Nendel 2010).  
Flowering  
Temperature is considered a predominant factor for the appearance of this stage, although 
rain can contribute to poor cap fall. Temperatures below 15°C can reduce not only 
vegetative growth but also pollen germination; Winkler et al. (1974) suggested that 
flowering and fecundation require average air temperatures greater than 20°C and 
temperatures greater than 38°C during flowering could inhibit pollination. 
Veraison  
Like flowering, veraison is also related to accumulation of heat units - when the effect of 
climate, soil and variety has been compared 88% of the variance can be explained by the 
climate (van Leeuwen et al. 2004). Elevated temperatures (above 30°C) between flowering 
and veraison have been associated with induction of heat stress that causes an early 
veraison and can increase abscission of berry and deactivation of enzymes necessary for 
berry development.  
Maturity 
The maturity stage can differ depending on harvest date and target berry composition, 
therefore what constitutes maturity is considered in more detail in sections 2.4 and 
temperature considerations in sections 2.9 and 2.10.  
2.6 The importance of varietal differences in phenology 
The varieties that exist for V. vinifera L. represent a great source of genetic variability 
within the species notably in terms of the timing of different development stages, that is 
each variety can be considered well adapted to specific climate conditions; in warm 
regions later varieties are better adapted likewise in cooler regions earlier varieties are 
better suited to ensure that reach a target berry composition by the end of the season (Jones 
2003; van Leeuwen et al. 2008). An early variety for one stage however may not 
necessarily be ‘early’ (compared to other varieties) for a subsequent stage; for example, 
the start of the growth cycle for Pinot gris and Grenache is similar but maturity occurs 
earlier for Pinot gris (Huglin and Schneider 1998). 
Different varieties have different thermal summation requirements in the same site for the 
appearance of a given phenological stage; this can therefore be used to characterise the 
differences in timing for the phenological stage of concern (McIntyre et al. 1982, Villaseca 
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et al. 1986, Moncur et al. 1989, Huglin and Schneider 1998). The sensitivity to different 
temperatures has been correlated to a varietal dependence: Moncur et al. (1989) found that 
that the base temperature by variety for budburst was varietal dependent with values 
between 0.4°C- 4.6°C (standard errors of 0.7- 3.2); Buttrose (1969) also found that five 
varieties had different growth and development responses to temperatures between 15-
35°C after budburst; Ebadi et al. (1995) also noted a 2-fold increase in variability for 
Chardonnay than Syrah for the appearance of veraison in response to the same 
temperature. Given that the first central question of the thesis was to compare varieties, the 
same phenological model needed to be applied across different varieties and therefore, the 
modelling approach used to respond to this objective did not consider different base 
temperatures. 
2.7 Phenological Modelling  
2.7.1 Process-based phenological models and climate change 
Many studies have addressed the effects of climate change on phenological development 
of different species, often noting advances in phenological stages with respect to 
increasing temperatures (Chmielewski et al. 2004, Schwartz et al. 2006, Menzel et al. 
2006, Cleland et al. 2007, Gordo and Sanz 2009), but also delays of specific events such as 
leaf colouring and leaf fall have been observed (Menzel et al. 2003, Estrella and Menzel 
2006, Gordo and Sanz 2009). Research on the grapevine in response to increasing 
temperatures and has often observed advances in phenological stages ultimately advancing 
harvest dates to hotter periods of the season (Duchêne and Schneider 2005, Jones et al. 
2005, Webb et al. 2007, Petrie and Sadras 2008, Duchêne et al. 2010). Of interest is the 
ability to predict phenological events using process-based phenological models. Process-
based (or mechanistic models) “describe known or assumed cause-effect relationships 
between biological processes and some driving factors in the plant’s environment” 
(Chuine et al. 2003). The approach of process-based phenological modelling is to obtain 
temporal and spatial robustness. The difference between years and regions in the date of a 
phenological event can be explained by the differences in temperatures from a fixed date 
to that of the phenological stage (Chuine et al. 2003); some models integrate photoperiod 
or drought as well. Several different phenological models exist in the literature (see Chuine 
et al. 2003 for a detailed summary) and these models assume that in most cases the 
development of a certain phenological stage is a function of temperature conditions, either 
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forcing temperatures (heat summation) or chilling temperatures. The action of forcing 
temperatures refers to the appearance of a phenological stage when a critical state of 
forcing is reached; this type of phenological modelling has been tested for different 
grapevine phenological stages (Williams et al. 1985, Villaseca et al. 1986, Moncur et al. 
1989, Oliveira 1998, Nendel 2010, Parker et al. 2011). The action of chilling temperatures 
refers to the occurrence of a phenological stage when a critical state of chilling is reached; 
this approach is often used to model dormancy which is difficult to observe. Chilling 
temperatures have been adapted for other species (Bidabe 1965a,b, Chuine 2000, 
Cesaraccio et al. 2004, Crepinsek et al. 2006) and have been included in models for the 
budbreak stage of the grapevine (Garcia de Cortázar-Atauri et al. 2009). Several models 
integrate both chilling and forcing units. However, recent research that compared model 
efficiency and parsimony for four different phenological models to predict the stages of 
flowering and veraison for the grapevine indicated that at the species level, the model 
UniCHILL (Chuine 2000) - which incorporates both forcing and chilling units - did not 
prove to be more efficient or parsimonious than the other three models that were tested, 
which were based solely on forcing units (Parker et al. 2011).  
The process of fitting phenological models has also progressed from simple regressions on 
individual datasets to the use of different algorithms or modelling processes to obtain 
optimal parameter sets; these methods have been shown to be applicable on larger scales 
than local model calibrations, which enables species models to be developed (Chuine et al. 
2000). The Metropolis algorithm was successfully tested and adapted by Chuine et al. 
(1998) for modelling the appearance of phenological stages of flowering of seven different 
tree species over 19 years. The technique has been used to develop the GFV model (details 
in section 2.8) for the grapevine (Parker et al. 2011) and this algorithm was used to fit 
phenological models within this thesis. 
2.8  Current indices and phenological models applied to understand 
phenology differences in varieties of the grapevine 
Several methods exist for assessing phenological timing in grapevine, the most simple 
being a measure of days. However, most methods account for the relationship with the 
temperature normally as a temperature summation (Winkler 1962, Huglin 1978, Williams 
et al. 1985, Villaseca et al. 1986, Moncur et al. 1989, Oliveira 1998, van Leeuwen et al. 
2008, Nendel, 2010, Parker et al. 2011). Some of the models currently applied in the 
literature are: 
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Growing degree days (GDD) (Wang 1960) also known as Spring Warming model (SW) 
(Hunter and Lechowicz 1992), and Thermal time model (Robertson 1968) which 
corresponds to a daily accumulation of average temperature (or in some cases maximum 
temperatures) minus a base temperature (often set at 10 C) from a start date; Pouget 
(1966) and Riou (1994) used the first Day Of the Year (DOY) for the grapevine (in the 
Northern Hemisphere) as the start date. 
Winkler index accumulates during the growing season period defined as 1 April to 31 
October (Northern Hemisphere) or October to April (southern hemisphere) daily mean 
temperatures minus a base temperature of 10 °C. To simplify the calculation, it can be 
calculated as the average temperature of the month (with base 10 C), multiplied by the 
number of days in the month (Winkler 1962). 
Huglin Index (Equation 2-1) defined as: 
Equation 2-1 
HI ൌ 	 ෍ ቈሺ ௠ܶ௜௡ െ 10ሻ ൅ ሺ ௠ܶ௔௫ െ 10ሻ2 ቉
ଷ଴.଴ଽ
଴ଵ.଴ସ
. K 
Using a base temperature of 10 C and the coefficient K corresponds to a correction for 
day length (defined by latitude) from the 1st of April to the 30th September (Northern 
hemisphere) (Huglin 1978, Huglin and Schneider 1998) . 
The Winkler and Huglin models have been developed with data from one site. For all 
models, few varieties have generally been considered. Furthermore, the choices of 
parameters defining these measures like the base temperature of 10 °C have not be 
considered with respect to current modelling capabilities.  
Grapevine Flowering Veraison (GFV) Model. Recent investigations using a 
temperature-based approach have resulted in the successful development of the Grapevine 
Flowering Veraison (GFV) Model (Parker et al. 2011) This model corresponds to a 
parameterisation of the linear Spring Warming model with t0 (start date) = 60th day of the 
year (Northern Hemisphere) and Tb = 0 C with an accumulation of daily average 
temperatures calculated from the arithmetic mean of the daily maximum and minimum 
temperature. This model was calibrated for the species, V. vinifera L. and was validated for 
12 varieties. The GFV model was found to be the most applicable to flowering and 
veraison (compared to three other models) and 20% more efficient for predicting these 
stages than GDD (Base temperature of 10C and start date of 1st January for the Northern 
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hemisphere) for the dataset used in the study (Parker et al. 2011). In an independent study 
using a regression approach to fit a model for predicting budbreak in cool climates and 
Nendel (2010) found the same parameter set as GFV to be optimal. This indicates that new 
phenological models can be tested and applied to later stages in phenological development, 
and are yet to be further calibrated to individual varieties. The GFV model alongside other 
phenological modelling options (Wang and Engel 1998, Chuine et al. 2003) are yet to be 
tested against different maturation parameters to describe differences in varieties in 
reaching target berry composition. 
2.9 Modelling maturity 
Earlier studies have successfully used historical records of harvest dates (one variety for a 
given wine style, in one region over a long period of time) as a proxy for temperature, by 
implementing process-based phenological modelling techniques (Chuine et al. 2004, 
Garcia de Cortázar-Atauri et al. 2010). This indicates that harvest dates can potentially be 
used in phenological modelling. However as indicated in section 2.4, harvest dates can be 
unreliable indicators of the phenological stage of maturity because logistics, grape 
reception, disease pressure or desired target composition may lead to harvest occurring at 
different stages during the berry maturation phase. 
A more objective view is to understand changes in berry composition with respect to time, 
climate and differences between cultivars. Phenological models that use temperature as a 
driving climate factor can aid us in this understanding as they correlate changes with the 
simple key environmental driver of temperature. However, it must always be 
acknowledged that this relationship is process-based, and not strictly causative with other 
factors also impacting on development and the berry maturation period; agricultural 
practices and crop state (water, carbon and nitrogen balance) all play important roles 
during this phase (Holt et al. 2008).  
2.9.1 Current models of sugar concentration for different V. vinifera L. 
varieties 
Sadras et al. (2008) used a quantitative modelling approach to model sugar accumulation 
in different varieties (same site, same year) with respect to real time. A sigmoid function 
was fitted to soluble solids accumulation for 12 varieties and the time of maturity was 
estimated as either 20 Brix or the time to reach 95% of the maximum concentration fitted 
by the sigmoid function. For both measures, the time of maturity was correlated to the rate 
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of change in soluble solids accumulation (calculated from 25-75% of maximum soluble 
solids concentration); likewise, differences in maximum soluble solids concentrations 
existed between varieties. Recent research by Sadras and Petrie (2011a, b) using historical 
data showed that earlier grapevine maturity associated with increased temperatures was 
best explained by a change of onset of maturation rather than by the rate of soluble solids 
accumulation. Modelling of historical data of soluble solids accumulation for three 
varieties across three sites, indicated that thermal time modelling was no better than real 
time modelling for the period of veraison to harvest (Sadras and Petrie 2012). However, 
recent correlations by Duchêne et al. (2012) found that using degree day’s calculations 
from veraison to harvest and maximum temperatures for the thermal summation gave a 
better correlation for different varieties (Gewürztraminer and Riesling) than using days 
alone. Huglin and Schneider (1998) used the Huglin index which takes into account a 
period greater than veraison to harvest (April onwards in the Northern hemisphere) to 
model the day of the year/date when sugar concentration reaches 180g/L - 200g/L; using 
this approach 27 varieties were classified into nine thermal summation groups. However 
individual Huglin Index values were not calibrated for each variety. Furthermore, although 
such models may be well calibrated at a site specific level, it is not known whether they 
could be successfully applied elsewhere.  
2.10 Interaction of carbohydrate physiology, temperature and timing of 
development and maturation 
Grapevine phenology and maturity are influenced by temperature (Kliewer and Lider 
1970, Buttrose et al. 1971) and consequently temperature has been successfully used as the 
main environmental driver in phenological models (Duchêne et al. 2010, Nendel 2010, 
Caffarra and Eccel 2010, Parker et al. 2011). If LA:FW ratio manipulations could 
potentially shift the time of phenological development and maturation then they may 1) 
offer a potential tool to negate the effects of these changes in phenology in the face of 
climate change (increased temperature or CO2 concentrations) especially given that 
increasing temperatures are related to earlier phenology and harvest and 2) conversely 
provide solutions for LA:FW ratio manipulations in more marginal climates where 
reaching a target soluble solids can sometimes pose a problem in cooler seasons.  
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2.10.1 The impact of temperature on photosynthesis and carbohydrates in 
the developing grape berry  
Photosynthesis increases with increasing temperatures up to an optimal temperature which 
has been reported in the range of 25-35 C (Kriedemann 1968). Sub optimal temperatures 
can lead to slower or temporary pauses in development. However, once above an optimum 
photosynthetic capacity may be affected. High day temperatures of 35 C or more have 
been shown to reduce soluble solids concentrations in berries and increase the glucose to 
fructose ratio (Kliewer 1977, Sépulveda and Kliewer 1986, Greer and Weston 2010). 
Although sugar accumulation may stop due to heat exposure, this has been observed as a 
temporary effect with accumulation restarting, reported to start again eight days later after 
an exposure to 40 C for four days at veraison or mid-maturation in the case of Greer and 
Weston (2010). Reduced sugar levels under high temperature conditions have been 
associated with a reduction in photosynthesis (Ferrini et al. 1995, Greer and Weston 2010) 
although like sugar accumulation, photosynthetic activity has also been shown to partially 
recover from heat stress at veraison but not during mid-maturation (Greer and Weston 
2010). There are conflicting results as to whether reduced stomatal conductance plays a 
role (Greer and Weston 2010) or not (Ferrini et al. 1995) in reduced soluble solids. Ferrini 
et al. (1995) suggested that temperature does not influence photosynthesis via stomatal 
limitation rather through the effects on biochemical activity related to photosynthesis; or a 
decrease in measured chlorophyll/unit leaf area. It is still unknown how exactly high 
temperatures influence the process of translocation from the leaves and the transport 
processes into the berry. Whatever the mechanism it has been measured that net carbon 
acquisition is reduced under heat stress conditions at veraison and mid-maturation 
indicating that an inadequate supply of carbon is the driver behind lower sugar 
concentrations (Greer and Weston 2010).  
2.10.2 Source-sink size, activity and resource competition 
An appropriate balance between leaf area available for photosynthesis (carbohydrate 
source) and fruit (carbohydrate sink) is essential if a target soluble solid concentration is to 
be achieved by the end of the growing season. During maturation, fruit represent an 
important sink and carbohydrate source comes predominantly from developing leaves. 
Carbohydrate sink size, activity and relative importance evolve throughout the season. All 
vine organs are sinks at some stage of development; for example, buds, shoots, and leaves 
are all sinks at the start of the growing season until fully developed; developing 
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inflorescences and bunches are also sinks concurrently growing at the same time as these 
vegetative organs; and roots are sinks at the end of the growing season accumulating 
carbohydrate reserves (Keller 2010). Source-sink balance is therefore dependent on the 
relative size and activity of the different organs at various stages throughout development. 
Confounding the understanding of the relative importance of source-sink balance in the 
grapevine is the fact that the source-sink balance changes over the season (Keller 2010), 
meaning the relative importance of a source-sink manipulation is also influenced by the 
time at which it is applied. Changes in the source-sink balance can be assessed by 
measuring the changes in dry weight of vine components (fruit, trunks, roots and shoots) 
or by measuring carbohydrate concentrations in these organs (e.g. starch concentrations in 
the wood or soluble solids concentrations in the fruit). 
Competition between different organs of the vine (leaves, shoots, trunk, roots, bunches) 
can occur when resources are limited and required for both reserve storage, vegetative and 
reproductive growth altering the source-sink balance within the vine. Lebon et al. (2004) 
found that branch development was sensitive to trophic competition between shoots; 
reduced shoot number per vine created low trophic competition between main leaves and 
shoots, increased the leaf number on shoots compared to vines with higher shoot numbers. 
Edson et al. (1995) also found that the presence of fruit on shoots reduced the shoot 
vegetative development.  
Intrieri et al. (2008) suggested than when berry weight and size are unaffected by leaf 
removal that carbohydrate availability in not limited during berry development. However, 
topping or leaf removal when applied early in the season, at various stages up to stage 29 
of the modified E-L System (berries at pea size) (Coombe 1995) resulted in reduced yield 
due to a reduction in bunch weight or a reduction in the number of berries per bunch (Poni 
et al. 2006, Lohitnavy et al. 2010). These changes in yield responses have been correlated 
to reduced fruit set, flower abscission or disruption of the fertilisation process resulting in 
more seedless berries (Candolfi-Vasconcelos and Koblet 1990, Caspari et al. 1998, 
Lohitnavy et al. 2010). 
Analysis of historical data found source and sink size, and source and sink activity were 
not related to maximum soluble solids concentrations of different varieties but it was not 
clear whether there were any source limitations (Sadras et al. 2008). Sadras and Petrie 
(2011a) also used historical data to develop a model that used 1) onset of maturation and 
2) a variety x site rate (rate is calibrated to a given variety at a site) as two input parameters 
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and found this model accounted for 81-92% of the variation in soluble solids accumulation 
indicating a change in onset best reflected environment and vine management differences 
but this has not been quantified experimentally. 
2.10.3 Influence of LA:FW ratio on carbohydrate reserves and subsequent 
growing seasons 
Altering the LA:FW ratio influences bud fertility, carbohydrate reserves and could 
potentially alter the timing of development in subsequent seasons. Root and trunk starch 
concentrations were reduced by defoliation and reserves were remobilised in earlier studies 
(Candolfi-Vasconcelos and Koblet 1990, Candolfi-Vasconcelos and Koblet 1991, 
Candolfi-Vasconcelos et al. 1994, Petrie et al. 2003, Bennett et al. 2005). In the following 
season after defoliation inflorescence number, cluster size and/or vine yield have been 
reported to be reduced (Candolfi-Vasconcelos and Koblet 1990, Duchêne et al. 2003, 
Bennett et al. 2005). A carry over effect into the season two years post defoliation has also 
been observed for fruit set and yield but it remains unclear whether the cooler season or 
the defoliation or both were driving these differences (Bennett et al. 2005). However given 
that carbohydrate reserve stress produced thinner and lighter canes in the subsequent 
season (Bennett et al. 2002), this may be influencing the reduced fruitfulness two seasons 
later.  
2.11 Leaf removal and crop removal effects on source-sink size and 
activity 
Management practices that influence the carbohydrate source-sink balance in the 
grapevine are: pruning (defining the number of nodes and potential shoots and ultimately 
the yield of a vine), different training systems (Peterlunger et al. 2002, Vanden Heuvel et 
al. 2004), or canopy and crop manipulations such as leaf, shoot or crop removal during the 
growing season (Reynolds et al. 1994a, b, Petrie et al. 2000a, Kliewer and Dokoozlian 
2005, Nuzzo and Matthews 2006, Petrie and Clingeleffer 2006). The management 
practices of interest in this study were leaf area manipulations and crop removal at 
different times of development and how they influence phenology and maturation. 
2.11.1 Leaf removal 
Leaf removal not only reduces source size, but potentially alters source potential and 
consequently reduces the main carbohydrate source for soluble solids accumulation in the 
berry. It has been successfully measured in several studies that the photosynthetic activity 
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(source activity) and stomatal conductance in leaves post-leaf removal treatments are up-
regulated, but the relative importance of leaf position for this is less clear (Hunter and 
Visser 1988, 1990a, Candolfi-Vasconcelos and Koblet 1991, Candolfi-Vasconcelos et al. 
1994, Petrie et al. 2000c, Poni and Giachino 2000, Petrie et al. 2003). Petrie et al. (2000b) 
found that photosynthetic rates in potted vines could compensate for up to a maximum of 
12.5 mol CO2 m-2s-1 but dry matter was reduced indicating that the increased 
photosynthetic rates did not actually compensate for all effects of the leaf removal. 
Furthermore, Petrie et al. (2003) found that whole vine photosynthesis was reduced less 
where shoot height was decreased compared to an equivalent reduction in leaf area, by 
removal of the lower 30cm part of the canopy suggesting lower leaves were contributing 
relatively more to the whole canopy photosynthesis. It has been suggested that the lower 
photosynthetic activity of big leaves (older and normally only the lower portion of the 
canopy) is offset by their increased size (Poni and Intrieri 2001). However the differences 
observed between the two methods of leaf removal may have also arisen if the topped 
vines utilised stored reserves to ripen fruit and this may not have occurred for leaf removal 
in the fruiting zone (Petrie et al. 2003); the notion that leaf removal is more likely to cause 
reserve mobilisation than increase competition by the roots has been observed in other 
studies (Candolfi-Vasconcelos and Koblet 1990). 
Lateral production is also increased as a result of leaf removal (Kliewer and Antcliff 1970, 
Hunter and Visser 1990a, Poni and Giachino 2000). These leaves act as potential 
competing sinks during the period from flowering to veraison and as potential source 
during the maturation phase. Koblet (1969) found that leaves on laterals acted as 
carbohydrate sources (exporting assimilates) when they had reached 40% of their full size; 
laterals intercept approximately 45% of the sun light in upright canopies (Lebon et al. 
2004), therefore potentially representing a significant portion of the source size and 
activity in the grapevine canopy. Previous studies have indicated that shoot topping early 
in the season (around fruit set) can allow a large number of lateral leaves to compensate 
for the loss in leaf area and these leaves reach maturity around veraison (Reynolds and 
Wardle 1989a, Poni and Intrieri 1996). It is unclear 1) when laterals switch between the 
two roles of sink units and source units 2) how much laterals contribute to the 
photosynthetic source pool relative to main leaves; and 3) how manipulating the leaf area 
may alter their sink or source strength. These changes probably depend on how actively 
the laterals are growing and when their growth ceases. 
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In potted vines, it has been found that reduced leaf area via trimming post bloom (Poni and 
Giachino 2000) or leaf removal (Ollat and Gaudillere 1998, Petrie et al. 2000a) can delay 
veraison. Reduced LA:FW ratio by leaf removal has provided conflicting results with little 
effect on the slopes (rates) of soluble solids accumulation although it has been observed 
that harvest soluble solids may differ (Wolf et al. 2003, Nuzzo and Matthews 2006). 
Contrastingly, slower rate of soluble solids accumulation have been inferred in other 
studies (Stoll et al. 2011) but these rates were not quantified for the different treatments, 
nor was the effect of leaf removal considered in terms of altering the start (onset) of 
maturation.  
2.11.2 Crop removal 
Removal of fruit only eliminates one potential carbohydrate sink among many (e.g. trunk, 
roots, and shoots) from the source-sink balance. Crop removal has produced varied results 
from no initial differences in photosynthetic rates and stomatal conductance but eventually 
photosynthetic rates are reduced (Edson et al. 1995, Petrie et al. 2000b). 
Removal of bunches has provided conflicting results: little effect on soluble solids 
accumulation or harvest values has been observed in thinning studies by Keller et al. 
(2005) where clusters were selectively removed only from non-node shoots, and in Nuzzo 
and Matthews (2006) where thinning was only carried out at veraison. In contrast, crop 
thinning at an earlier stage post bloom/at fruit set increased soluble solids concentration 
and altered fruit composition in other studies (Reynolds et al. 1994c, Ollat and Gaudillere 
1998, Guidoni et al. 2002, Petrie and Clingeleffer 2006). These differences may occur due 
to the level of crop thinning and the pre- and post- thinning yields that were achieved 
and/or the time at which thinning was carried out. 
2.11.3 Limits of current knowledge on LA:FW ratio affect on timing of 
veraison and maturity 
It therefore remains untested experimentally to what extent altering the LA:FW ratio is 
changing the time of veraison, the rate of soluble solids accumulation or a combination of 
the two; quantifying this may also be dependent on the site and season. The relative 
importance of leaf removal versus crop removal needs to be considered likewise the timing 
of such LA:FW ratio manipulations.  
Furthermore, the effects have not been quantified and compared among different varieties. 
The potential for differences between varieties has been assessed by 1) Reynolds et al. 
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(2005) for Cabernet-Sauvignon and Pinot noir where it was found the varieties had similar 
responses to LA:FW ratio manipulations although absolute levels of harvest components 
differed; 2) Keller et al. (2005) who found removal of clusters from non-node shoots had 
little influence on berry composition for three varieties, Cabernet-Sauvignon, Riesling and 
Chenin blanc. One of the main considerations in comparing the effects of LA:FW ratio 
manipulations for different varieties is that if veraison and the maturation period are later 
for one variety compared to another, then the two varieties will potentially experience 
different environmental conditions at different developmental stages which could 
confound the response(s). 
Although previous research has attempted to understand the relationship of the LA:FW 
ratio on soluble solids accumulation there is no one clear picture, notably to what degree 
soluble solids measured at harvest reflect differences in rates of accumulation or the time 
at which soluble solid accumulation starts. This is confounded by the different methods 
used to alter the ratio, the time of the treatments, the different varieties used, and the lack 
of consideration of interaction with the environment (either through water stress or 
temperature effects).  
In addition to directly measuring soluble solids which correspond in part to a component 
of the carbohydrate balance of the vine, other maturation parameters (outlined in Section 
2.4) may be directly or indirectly affected by LA:FW ratio manipulations. Understanding 
if such parameters are altered by source-sink manipulations is also important because they 
reflect the subsequent balance of the components in the berry. For example, little 
difference in titratable acidity or pH has been found in a range of crop removal studies 
using different cultivars or methods of selecting bunches for removal (Reynolds et al. 
1994c, Keller et al. 2005).  
2.12 Climate-variety–management interactions 
If projected climate change advances, varieties currently adapted to certain climate 
conditions may no longer suit the climate of the future. There are several strategies to 
counteract this effect for grape growing. One strategy is to change varieties, choosing a 
later ripening variety to that which is currently planted. Another possibility is to 
investigate the potential that LA:FW ratio manipulations or other management practices 
have on altering the time of key phenological events or maturity. Finally it is important to 
critique the relative change effected by these two different approaches. Central to this 
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project is characterising the relative timing of key phenological events (flowering, veraison 
and soluble solids accumulation as one objective measure of maturity) with respect to 
temperature, which should provide insights into varietal choice. Furthermore, investigating 
LA:FW ratio manipulations is or interest to determine whether these can affect a change in 
timing of development and whether the magnitude of this change is as great as differences 
in timing between different varieties.  
2.13 Overview 
The research outlined in this thesis models the phenological development of a range of 
grape varieties using a number of phenological models. Three stages were characterised: 
flowering, veraison and maturity measured at the DOY to reach a sugar concentration of 
200g/L. Further to this, the definition of veraison was explored, with the objective of 
finding a soluble solids concentration that may reflect the timing of this phenological 
event. Two grape varieties were chosen (Pinot noir and Sauvignon blanc) for more detailed 
studies to investigate how changes in LA:FW ratio imposed after fruit set may change the 
phenological development and berry maturity. Leaf removal via trimming and crop 
removal were carried out in the presence and absence of laterals; the method of crop 
removal was investigated to see if it influenced the time of phenology and if there were 
differences in berry maturation parameters. ANOVA design and regression modelling 
were carried out to characterise the LA:FW ratio effects on phenological development and 
maturity. 
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3.1 Abstract 
Understanding differences in phenology for varieties of a given species is important for 
making informed decisions on variety choice in the context of climate change and breeding 
new cultivars. Phenological models that incorporate temperature as a key environmental 
factor can be used to describe the differences in phenological timing between cultivars. 
This paper outlines a methodology, based on a phenological model, for classifying the 
timing of flowering and veraison for a substantial number of varieties of the grapevine 
(Vitis vinifera L.). 95 varieties were characterised for flowering and 104 varieties for 
veraison. Various statistical measures were used to assess the performance and predictions 
of the model at the varietal level: model efficiency, Root Mean Squared Error and 
confidence intervals. The methodology might be used to understand varietal differences 
for other species in future studies. Model outputs can be used in combination with 
predicted climate change scenarios to assess the suitability of varieties under climate 
conditions of the future. 
Keywords: phenology, flowering, veraison, variety, temperature, grapevine 
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3.2 Introduction 
Temperature is considered a fundamental driver of plant development and phenological 
cycles. It can modify profoundly the timing of cycles and such changes have been 
documented in many studies for different plant species under increasing temperatures in 
the past. Several studies have indicated that increased temperatures have been associated 
with earlier phenological development of many wild and cultivated plants (Chmielewski et 
al., 2004, Menzel et al. 2006, Schwartz et al. 2006, Cleland et al. 2007, Gordo and Sanz 
2009), however, delays have also been documented for specific events, notably leaf 
colouring and leaf fall (Menzel et al. 2003, Estrella and Menzel 2006, Gordo and Sanz 
2009). Phenology is modified by a complex interaction of 1) the sensitivity of the species 
phenology to climate drivers such as temperature but also photoperiod and water stress and 
2) the phenological stage in question. 
Different varieties within a species can have marked differences in phenology. In the 
context of climate change, a deeper understanding of varietal differences in phenology for 
agriculture is critical to select varieties that are adapted for production under future climate 
conditions. Phenological process-based models can be used to predict phenological 
development in response to temperature and can aid our understanding of plant 
development in this context (see Chuine et al. 2003 for model details). Many studies have 
characterised differences in the phenology of cultivated crop varieties with some studies 
having assessed these differences using phenological models; some recent examples are 
muskmelons (Baker and Reddy 2001, Baker et al. 2001), olives (Garcia-Mozo et al. 2009), 
kiwifruit, cherries, pear and olives (Crepinsek et al. 2006) and for 14 grapevine cultivars 
(Duchêne et al. 2010).  
Previous research have used process-based phenological models to describe differences 
between grapevine varieties (Winkler 1962, Moncur et al. 1989, Oliveira 1998, Duchêne et 
al. 2010) or advances in phenology (Chuine et al. 2004, Nendel 2010, Duchêne et al. 
2010), or as a basis for pest management (Hoppmann and Berkelmann-Löhnertz 2000) but 
these have often be limited to one location or few varieties. Up to now, no phenological 
model has been simultaneously applied to a large number of grapevine varieties. A new 
species model for flowering and veraison, the Grapevine Flowering Veraison model 
(GFV) that was recently developed using an extensive phenological database (Parker et al. 
2011) has not been evaluated to this end. The database developed in this study also 
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potentially represents the most extensive phenological resource for grapevines to 
characterise and evaluate phenological model predictions at a varietal level. 
The objectives of this article are 1) to define a general methodology to classify phenology 
of different varieties of a cultivated species and 2) to use the methodology to classify 
different varieties for two important phenological stages, flowering and veraison (a stage 
during which berries soften and their colour changes from green to red for red varieties and 
green to translucent yellow for white varieties) for V. vinifera L and 3) to assess the 
magnitude of error that is obtained by applying the phenological model to different 
varieties with respect to (i) the number of observations and (ii) the number of sites used to 
calibrate a phenological model and 4) the error and significance of parameterisation of the 
model for the contribution of one variety at one site for different years and of one year 
with one variety at different sites. We illustrate this methodology for the case of the 
grapevine V. vinifera L., classifying 95 and 104 varieties for flowering and veraison 
respectively. The principle of the classification is that it is sufficiently simple to be used by 
the agricultural profession in order to diagnose when a variety may flower or undergo 
veraison or in future climate conditions. Moreover, the methodology presented in this 
study provides two key outputs beyond a simple classification. Firstly, it provides the 
degree of confidence in the model predictions for each individual variety and therefore 
within the classification. This information also indicates the minimal size of the dataset 
required to provide a robust classification. Secondly, it characterises the intra-specific 
variability of important adaptive traits (in this case phenology), allowing to evaluate the 
capacity of adaptation of the species, and define possible breeding strategies. 
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3.3 Materials and methods 
3.3.1  Phenological and temperature data 
This study used the updated version of the grapevine phenological database established in 
Parker et al. (2011) combining all data from the original calibration and validation datasets 
plus any newly acquired observations for grapevine flowering and veraison observations. 
Details on the original phenological database and temperature data are provided in Parker 
et al. (2011).  
3.3.2 Grapevine Flowering Veraison Model (GFV) 
The Grapevine Flowering Veraison model (GFV) was developed in Parker et al. (2011) 
with the objective of selecting the simplest model that gave best trade-off between model 
parsimony and efficiency for flowering and veraison for V. vinifera L. This model was 
calibrated and validated using a database corresponding to 81 varieties and 2278 flowering 
observations and 2088 veraison observations, spanning from 1960 to 2007 and from 123 
different locations (predominantly in France). The same database was used herein to test 
the model at the variety level. The model selection process involved calibrating three 
different models, Spring Warming, Uniforc and UniCHILL (Chuine 2000, Chuine et al. 
2003) and selecting the best fitted model according to Akaike Information Criterion (AIC, 
Burnham and Anderson 2002), that was called the GFV model. A daily temperature cap 
was tested across the range of daily average temperature 15-25 C. Capping higher 
temperature values did not improve the performance of the model (see Parker et al. 2011 
for details). 
The GFV model is a parameterised model based on the Spring Warming model (SW) as 
described by Hunter and Lechowicz (1992) also known as Thermal time model (Robertson 
1968) and Growing Degree-Days (GDD) model (Wang 1960). In this latter model a 
phenological stage occurs when a critical state of forcing Sf, defined as a sum of degree-
days from a starting date t0, reached a particular value F* (Equation 3-1). 
Equation 3-1 
*
0
)()( FxRtS
st
t
tfsf   
The state of forcing is described as a daily sum of the rate of forcing, Rf, (Equation 3-2) 
which starts at t0 defined as the 60th Day Of the Year (DOY) for the GFV model; flowering 
and veraison are therefore simulated independently of prior developmental stages:  
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where Tb corresponds to a base temperature set at 0 C for GFV (Parker et al. 2011), 
above which the thermal summation is calculated, xt is the daily arithmetic mean 
temperature (the sum daily minimum and maximum temperature divided by two).  
3.3.3  Model parameterisation for individual varieties 
The parameter F* was adjusted independently for each variety for both phenological 
stages of flowering and veraison, with parameters t0 and Tb fixed to 60 days and 0 °C as 
determined in Parker et al. (2011) for the grapevine. For each variety the following 
statistical criteria were considered: 1) model efficiency which corresponds to the 
percentage of variance explained by the model (EF; Nash and Sutcliffe 1970, Greenwood 
et al. 1985, Equation 3-3) where a negative value indicates that the model performs worse 
than the null model (mean date of flowering or veraison) for a variety, and a value above 
zero indicates that the model explains more variance than the null model, with a maximum 
value of one when the model explains all the variance of the data; 2) the Root Mean 
Squared Error (RMSE; Equation 3-4) which gives the mean error of the prediction in days, 
Equation 3-3 
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Equation 3-4 
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where Oi is the observed value, Si is the simulated value, Ō is the mean observed value, 
and n is the number of observations; and 3) calculation of the 95% Confidence Interval 
(CI). The CI is obtained by making the optimization algorithm (Metropolis algorithm) 
used to fit the model parameters explore the parameter space around the global optimum 
found at the end of its search. The Fisher statistic is calculated for each parameter set to 
retain parameter sets that provide a p<0.05 of the Fisher statistics and therefore fall within 
the 95% CI around the optimal parameter set. 
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3.3.4  Spatial and temporal evaluation of the GFV varietal models 
The five most represented varieties (combined total of flowering and veraison 
observations) were selected to characterise the relative importance of site (spatial) versus 
year (temporal) variation on the varietal models. For the site selection using the five 
selected varieties as the data subset, the five most represented sites were subsequently 
chosen for flowering and veraison independently (largest total number of observations); 
not all varieties were represented at each site even though the sites had the greatest number 
of observations for the data subset. The five most represented years were selected for 
flowering and veraison independently (from the five variety data subset) for analysis of 
temporal effects. The F* value of the model was adjusted independently for the pooled 
data for the five selected sites (referred to as ‘Mean’ model) and for each variety by site or 
variety by year combination. RMSE, EF, and Mean Bias Error (MBE) (Equation 3-5) were 
calculated for each variety by site and variety by year combination 
Equation 3-5 
n
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n
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 1  
where Oi is the observed value, Si is the simulated value and n is the number of 
observations. 
For each variety, the significance of the site effect or year effect was evaluated by the 
Fisher test following the methodology of Chuine et al. (2000): the site/year effect was 
estimated and tested by comparing the residual sum of squares of the model fitted with all 
sites/years (‘Mean model’) to the sum of the residual sums of square of the models fitted 
each with one site/one year. 
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3.4 Results 
3.4.1 Flowering classification 
F* values were calculated for 95 varieties. The model predicted the time of appearance of 
flowering better than the null model (mean date) for 89 of these varieties (indicated by the 
positive EF values in Table 3-1). Negative EF values were obtained for varieties for which 
the sampling’s spatial and temporal variability was low e.g. either data collected from one 
site or less than six years of records. However, despite negative EF values for six varieties, 
the corresponding RMSE values indicated that the quality of the model prediction was still 
accurate to within three days. The efficiency of the model was equal to or greater than 0.5 
for 73 varieties and equal to or greater than 0.75 for 25 varieties. Overall the RMSE error 
was less than one week for all varieties except Arinarnoa (RMSE of 7.1). There was a 291 
C.d. difference between the earliest and latest variety, which for example, corresponds to 
16 days, when taking into account an average temperature of 18°C during the flowering 
period. 
3.4.2 Veraison classification 
 F* values were calculated for 95 varieties. The model predicted the time of appearance of 
flowering better than the null model (mean date) for 89 of these varieties (indicated by the 
positive EF values in Table 3-1). Negative EF values were obtained for varieties for which 
the sampling’s spatial and temporal variability was low e.g. either data collected from one 
site or less than six years of records. However, despite negative EF values for six varieties, 
the corresponding RMSE values indicated that the quality of the model prediction was still 
accurate to within three days. The efficiency of the model was equal to or greater than 0.5 
for 73 varieties and equal to or greater than 0.75 for 25 varieties. Overall the RMSE error 
was less than one week for all varieties except Arinarnoa (RMSE of 7.1). There was a 291 
C.d. difference between the earliest and latest variety, which for example, corresponds to 
16 days, when taking into account an average temperature of 18°C during the flowering 
period. 
3.4.3 Order of classifications 
In comparing the F* values for flowering and those calculated for veraison, our results 
indicated that the order obtained for flowering was not the same for veraison and the 
length between these two stages as predicted by the model, differed by variety (Figure 3-1  
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Table 3-1 Classification and statistical assessment of 95 varieties for their timing 
of flowering using the GFV model. 
F* is the critical degree-day sum (above 0 °C, starting on the 60th day of the year) fitted for 
each variety. EF is the efficiency of the model; RMSE is the Root Mean Squared Error in 
days. 
Variety Number of sites 
Number of 
observations F* RMSE EF 
Meunier 1 4 1120 2.4 0.48 
Poulsard 1 5 1122 0.8 0.93 
Jacquère 1 3 1151 2.2 0.72 
Savagnin 1 3 1155 1.6 0.69 
Elbling 1 6 1155 3.1 0.74 
Pinot gris 2 14 1171 3.9 0.91 
Altesse 1 3 1172 2.9 0.38 
Garanoir 1 9 1179 2.8 0.72 
Trousseau 1 3 1179 1.3 0.74 
Pinot noir Mariafield 1 9 1183 3.1 0.57 
Tempranillo 1 5 1188 2.5 0.59 
Gamaret 1 9 1189 2.8 0.68 
Orbois 1 6 1192 3.0 -0.02 
Aghiorgitiko 3 6 1193 4.2 0.63 
Carmenère 1 2 1194 2.1 0.66 
Enfariné noir 1 5 1195 4.4 0.48 
Muscat à petits grains blancs 1 6 1200 3.5 0.53 
Rivairenc 1 2 1201 0.3 0.70 
Muscat de Hambourg 6 10 1207 3.5 0.34 
Œillade noire 1 3 1209 2.6 -0.21 
Nebbiolo 1 8 1211 2.0 0.70 
Pinot noir Cortaillod 1 9 1213 3.3 0.43 
Chardonnay 21 170 1217 4.9 0.76 
Roussanne 1 4 1217 3.5 0.03 
Mondeuse noire 1 6 1219 3.9 0.46 
Gamay 11 109 1219 5.0 0.63 
Pinot noir 12 151 1219 5.1 0.77 
Piquepoul blanc 1 2 1222 1.6 -1.69 
Aligoté 2 9 1227 3.1 0.92 
Pinot blanc 1 9 1228 3.2 0.54 
Gewürztraminer 4 26 1230 5.3 0.89 
Viognier 2 7 1232 4.3 0.49 
Tressot noir 1 5 1236 3.0 -0.09 
Fer  1 2 1236 1.4 0.13 
Diolinoir 1 9 1236 3.1 0.67 
Charmont 1 9 1238 2.7 0.73 
Petit Verdot 3 18 1243 4.6 0.34 
Cabernet franc 20 102 1245 5.1 0.72 
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Variety Number of sites 
Number of 
observations F* RMSE EF 
Mancin 1 2 1246 1.0 -2.59 
Riesling 5 56 1249 5.9 0.77 
Kerner 1 9 1251 3.1 0.61 
Piquepoul noir 1 6 1255 3.7 0.55 
Xynomavro 1 4 1255 3.7 0.53 
Zweigelt blau 1 7 1256 5.9 0.46 
Terret gris 1 6 1258 2.5 0.68 
Sylvaner 1 9 1258 2.7 0.69 
Colombard 4 22 1258 2.6 0.65 
Grolleau 1 18 1260 4.3 0.66 
Brun Fourca 1 3 1262 2.4 0.47 
Terret blanc 1 7 1263 2.3 0.72 
Cornalin 1 8 1263 2.0 0.71 
Portugais bleu 1 8 1265 4.5 0.71 
Cinsaut 3 13 1265 2.8 0.27 
Bourboulenc 1 4 1266 3.9 0.57 
Grenache blanc 1 2 1267 0.7 0.52 
Portan 2 12 1268 3.7 0.77 
Merlot 14 107 1269 5.6 0.79 
Vermentino 1 2 1270 0.6 0.95 
Clairette 1 9 1271 3.7 0.63 
Calitor 1 2 1271 1.1 -3.41 
Colombaud 1 4 1276 2.7 0.56 
Chasselas 4 68 1276 6.2 0.81 
Räuschling 1 9 1277 2.9 0.66 
Grenache 35 127 1277 6.0 0.78 
Humagne rouge 1 9 1278 2.3 0.77 
Arvine 1 9 1278 3.3 0.63 
Bondola 1 9 1278 2.4 0.73 
Syrah 26 126 1279 4.8 0.84 
Chenin 4 29 1280 4.8 0.73 
Sauvignon  9 102 1282 5.1 0.82 
Humagne blanc 1 9 1286 2.9 0.62 
Sangiovese 4 49 1287 4.8 0.65 
Carignan 6 44 1288 4.8 0.87 
Doral 1 8 1296 2.7 0.44 
Amigne 1 9 1297 2.8 0.65 
Cabernet-Sauvignon 11 131 1299 5.2 0.77 
Cot 4 31 1306 4.4 0.74 
Ségalin 1 6 1308 3.6 0.60 
Chenanson 1 7 1309 3.1 0.68 
Terret noir 1 3 1316 1.1 0.80 
Semillon 3 26 1317 4.1 0.85 
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Variety Number of sites 
Number of 
observations F* RMSE EF 
Marselan 2 11 1338 3.3 0.79 
Marsanne 2 12 1338 4.5 0.89 
Muscat d'Alexandrie 2 15 1343 6.3 0.87 
Mourvèdre 25 93 1354 4.3 0.63 
Egiodola 1 7 1354 1.7 0.82 
Tannat 2 8 1363 3.8 0.79 
Kadarka 1 8 1368 5.0 0.65 
Ugni blanc 6 95 1376 5.0 0.79 
Arinarnoa 2 15 1377 7.1 0.28 
Ekigaina 1 7 1378 2.9 0.67 
Muscadelle 1 16 1379 4.6 0.45 
Pinotage 1 4 1387 4.0 0.62 
Caladoc 2 8 1390 3.8 0.72 
Semebat 1 7 1411 2.9 0.68 
a, b and c). For example, Cabernet franc which was the 31th position in the list for 
Flowering in Table 3-1 but at the 63rd position (equal with Arvine and Bourboulenc) for 
veraison in Table 3-2. Conversely, some varieties which flowered later had subsequently 
an early veraison (e.g. Semillon was 64th in the list for flowering but advanced to the 
position 29th equal with Portan for veraison).  
3.4.4 Assessing the precision of F* for each variety 
The magnitude of the confidence interval was dependent on the number of observations 
and number of sites used to fit the model parameters for both phenological stages (Figure 
3-2a and b). In excess of approximately 20 observations and more than three sites for 
flowering and veraison, the precision of F* did not improve substantially. Varieties with 
this combination of data all had CIs of 100 C.d. or less except for Vermentino (145 C.d.) 
and Petit Verdot (128 C.d.) and Muscat d’Alexandrie (CI not possible to define) for 
veraison. It was still possible to estimate F* values with a similar precision with less data, 
but in most of these cases the CI increased drastically (Figures 3-2, 3-3 and 3-4). For 
flowering, eight varieties had only two observations (Table 3-1), and it was not possible to 
calculate a CI for these varieties. For veraison, all varieties had three or more observations 
but it was not possible to calculate CIs for nine varieties. However, for flowering (Figure 
3-2a and closed circles in Figure 3-2 a,b, and c) 47 out of the 87 varieties for which it was 
possible to calculate CI values had a CI range of less than or equal to 100 C.d., and 73 
varieties had a CI range equal to or less than 200 C.d. For veraison, 22 varieties had CI  
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Table 3-2 Classification and statistical assessment of 104 varieties for their timing 
of veraison using the GFV model. 
F* is the critical degree-day sum (above 0 °C, starting on the 60th day of the year) fitted for 
each variety. EF is the efficiency of the model; RMSE is the Root Mean Squared Error in 
days. 
Variety Number of sites 
Number of 
observations F* RMSE EF 
Garanoir 1 9 2286 3.9 0.44 
Verdelho 1 3 2337 3.3 0.69 
Charmont 1 9 2363 4.6 0.21 
Chasselas 4 72 2374 6.2 0.87 
Meunier 1 11 2379 3.8 0.65 
Gamaret 1 9 2406 3.6 0.32 
Elbling 1 8 2420 4.4 0.73 
Doral 1 8 2437 3.6 0.12 
Poulsard 1 7 2441 3.2 0.27 
Savagnin 1 6 2443 2.9 0.79 
Pinot noir Mariafield 1 9 2450 4.9 0.07 
Portugais bleu 1 7 2461 3.1 0.86 
Pinot noir Cortaillod 1 9 2466 4.8 -0.06 
Pinot gris 2 15 2472 4.7 0.89 
Diolinoir 1 9 2476 4.3 -0.29 
Tempranillo 1 11 2484 5.2 0.40 
Orbois 1 11 2487 4.2 0.47 
Sylvaner 1 9 2489 3.0 0.49 
Gouais blanc 1 7 2493 3.9 0.71 
Pinot blanc 2 12 2500 4.5 0.89 
Aligoté 2 13 2502 4.2 0.85 
Trousseau 1 10 2506 3.1 0.72 
Gewürztraminer  4 28 2510 6.4 0.87 
Pinot noir 7 80 2511 7.8 0.75 
Muscat à petits grains 
blancs 2 15 2520 3.9 0.92 
Kerner 1 9 2526 3.2 0.23 
Sauvignon 9 73 2528 5.6 0.85 
Gamay 8 75 2533 5.3 0.68 
Portan 2 10 2537 5.7 0.79 
Semillon 3 27 2537 4.1 0.87 
Räuschling  1 8 2539 3.1 0.57 
Chardonnay 17 105 2547 6.5 0.82 
Muscadelle 1 15 2553 5.0 0.02 
Bondola 1 9 2554 4.3 0.26 
Zweigelt blau 1 6 2568 4.4 0.61 
Jacquère 1 7 2569 4.6 0.57 
Tressot noir 1 9 2584 4.1 0.67 
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Variety Number of sites 
Number of 
observations F* RMSE EF 
Riesling 6 54 2590 6.8 0.78 
Colombard 6 27 2591 3.5 0.75 
Enfariné noir 1 7 2596 3.6 -0.02 
Viognier 3 18 2600 5.9 0.51 
Syrah 23 103 2601 5.6 0.89 
Carmenère 1 4 2605 2.7 0.64 
Altesse 1 9 2615 6.4 0.55 
Grenache blanc 2 4 2626 1.3 0.94 
Egiodola 2 10 2627 6.9 0.67 
Humagne blanc 1 9 2627 3.8 0.48 
Amigne 1 9 2629 3.7 0.56 
Merlot 17 162 2636 6.6 0.73 
Marselan 4 16 2641 5.2 0.79 
Brun Fourca 1 4 2642 3.8 0.33 
Œillade noire 1 4 2645 2.0 0.84 
Grolleau 1 17 2650 4.3 0.71 
Ruby Cabernet 3 10 2654 4.9 0.07 
Cot 2 13 2658 6.0 0.60 
Pardotte 1 4 2660 1.6 0.95 
Gros Cabernet 1 3 2664 1.9 0.84 
Ségalin 1 6 2670 2.4 0.84 
Barbera 1 4 2675 3.0 -3.04 
Marsanne 3 19 2676 4.0 0.93 
Cinsaut 4 17 2680 5.4 0.09 
Kardarka 1 7 2682 5.7 0.69 
Muscat de Hambourg 3 7 2685 5.9 -1.89 
Fer 1 6 2689 5.1 0.28 
Cabernet-Sauvignon 15 178 2689 6.9 0.64 
Arvine 1 9 2692 3.8 0.27 
Bourboulenc 1 9 2692 9.4 0.00 
Cabernet franc 20 87 2692 7.1 0.63 
Rivairenc 1 4 2695 2.2 0.81 
Mourvèdre 6 22 2706 4.9 0.88 
Cornalin 1 8 2707 5.4 0.43 
Chenin 1 6 2712 8.1 -1.56 
Mondeuse noire 1 5 2713 4.0 0.36 
Chenanson 1 6 2721 2.3 0.87 
Sangiovese 6 72 2729 7.3 0.20 
Nebbiolo 2 11 2734 4.2 0.89 
Xynomavro 1 7 2736 7.2 -2.34 
Calitor 1 3 2738 6.7 -1.65 
Vermentino 3 23 2739 6.7 -0.12 
Piquepoul noir 1 7 2739 5.0 0.42 
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Variety Number of sites 
Number of 
observations F* RMSE EF 
Piquepoul blanc 2 6 2739 4.6 0.62 
Terret noir 1 4 2741 2.9 0.52 
Aghiorgitiko 3 6 2741 10.0 -1.17 
Muscat d'Alexandrie 3 23 2742 7.6 0.89 
Carignan 9 44 2749 6.3 0.89 
Humagne rouge 1 9 2758 4.4 0.14 
Clairette 1 13 2759 5.2 0.60 
Grenache noir 34 110 2761 6.4 0.87 
Roussanne 3 12 2774 3.4 0.77 
Primitivo 1 7 2776 5.2 0.01 
Pinotage 1 4 2780 4.4 0.72 
Colombaud 1 4 2785 4.4 0.61 
Ugni blanc 6 89 2799 7.8 0.74 
Mancin 1 4 2800 3.2 0.60 
Terret gris 1 9 2802 6.1 -0.07 
Gros Manseng 1 3 2804 3.2 0.69 
Sciaccarello 1 9 2831 3.2 0.35 
Terret blanc 1 7 2838 5.6 0.07 
Tannat 2 12 2840 5.0 0.54 
Petit Verdot 5 26 2849 6.6 0.36 
Caladoc 2 7 2867 9.8 0.59 
Arinarnoa 4 18 2879 8.7 0.39 
Ekigaina 1 6 2934 6.2 0.55 
Semebat 1 6 2941 7.1 0.53 
ranges less than 100 C.d. but a greater proportion of varieties (n=48) had CIs within the 
range of 100-200 C.d. 
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Figure 3-1 Thermal time of flowering and veraison for 95 varieties for which there 
was both flowering and veraison data. 
a. Early varieties b. Middle varieties c. Late varieties. Black columns represent the F* 
value for flowering, grey columns represent the thermal time for flowering to veraison. 
Varieties are presented in order of appearance of flowering. 
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Figure 3-1 (cont) Thermal time of flowering and veraison for 95 varieties for 
which there was both flowering and veraison data. 
a. Early varieties b. Middle varieties c. Late varieties. Black columns represent the F* 
value for flowering, grey columns represent the thermal time for flowering to veraison. 
Varieties are presented in order of appearance of flowering. 
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Figure 3-2 Relationship between the magnitude of Confidence Interval for the 
thermal time (F*), the number of observations and the number of sites used to 
calibrate this parameter for each variety. 
Data points were scaled to the number of sites used (numbers correspond to the number of 
sites and where no number is present, the number of sites = 1). a. Flowering b. Veraison.  
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Figure 3-3 Time of flowering for a. early b. middle and c. late varieties based of 
the F* parameter estimates.  
Closed circles (●) represent F* values where the total Confidence Interval (CI) size was 
less than 100 C.d.; open circles (○) represent CIs greater than 100 C.d. or no CI; where 
no CI is present, it was not possible to calculate a CI due to small sample size or data that 
were too greatly dispersed.  
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Figure 3-3 (cont) Time of flowering for a. early b. middle and c. late varieties 
based of the F* parameter estimates.  
Closed circles (●) represent F* values where the total Confidence Interval (CI) size was 
less than 100 C.d.; open circles (○) represent CIs greater than 100 C.d. or no CI; where 
no CI is present, it was not possible to calculate a CI due to small sample size or data that 
were too greatly dispersed.  
 
Figure 3-4 Timing of veraison for early . early b. middle and c. late varieties based 
on the F* parameter estimates. 
Closed circles (●) represent F* values where the total Confidence Interval (CI) size was 
less than 100C.d.; open circles (○) represent CIs greater than 100 C.d. or no CI; where 
no CI is present, it was not possible to calculate a CI due to small sample size or data that 
were too greatly dispersed.  
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Figure 3-4 (cont) Timing of veraison for a. early b. middle and c. late varieties 
based on the F* parameter estimates.  
Closed circles (●) represent F* values where the total Confidence Interval (CI) size was 
less than 100 C.d.; open circles (○) represent CIs greater than 100 C.d. or no CI; where 
no CI is present, it was not possible to calculate a CI due to small sample size or data that 
were too greatly dispersed. 
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3.4.5 Spatial and temporal evaluation of variety F* values 
For all variety by site tests, the pooled varietal model (mean model) described the majority 
of variance in the data (% variance greater than 75% in all cases) (Table 3-3 and 3-4). For 
four out of five varieties for flowering and three out of five varieties that showed 
significant site effects when the GFV model was parameterised at the site level but the % 
variance accounted for by the site effect was less than 15% (and less than 5% in all cases 
for veraison). In considering the hierarchy of varieties by site, in most cases the order was 
consistent with the order obtained for the Mean model values (Table 3-3 and 3-4). For 
flowering, this corresponded to Chardonnay<Cabernet- Sauvignon and Merlot<Syrah and 
Grenache and with a slightly different order for the site, Aude.  
For veraison the order of varieties from earliest to latest were Chardonnay< Syrah< 
Merlot< Cabernet Sauvignon< Grenache and only site Languedoc2 was different with F* 
values greater than the mean in most cases and a different order; the sites with slightly 
different orders had the smallest quantity of data for each site by variety combination. 
EF values indicated that only for veraison were four site by variety models better 
described by mean data (negative values corresponding to the null model performing 
better) than using a thermal summations. There was no systematic bias across the different 
varieties: that is the MBE values were neither all positive nor all negative for a given site 
across all the varieties. The site by variety RMSE values were greater in three site by 
varietal models for flowering and six for veraison (Table 3-4). 
The magnitude of difference between mean varietal F* values (for example the difference 
F* between Syrah and Chardonnay) was greater than the average difference between the 
site by varietal models (i.e. sum of each site by variety difference to the mean/number of 
sites) compared to the mean model varietal value. 
For the year by variety tests, only Cabernet-Sauvignon had a significant year effect for 
both phenological stages accounting for 14 and 8% of the variance; the site effect was 
significant for veraison of Syrah accounting for 13.96% of the total variance (Tables 3-5 
and 3-6). The hierarchy of varieties was more variable across the years than for the spatial 
analysis for flowering and veraison; however for both flowering and veraison, the Mean 
model F* values were closer than for the dataset used for spatial analysis of the 
classification. For veraison, in general the order of varieties was maintained with 
interchange between the relative positions for Cabernet-Sauvignon for the different years 
(Table 3-6). The differences between early and late varieties for the mean values were 
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maintained in most cases for the variety by year models for both phenological stages. 
Adjusting the model by year, did not improve the EF in most cases and did not give a 
consistent directional error across varieties for each year assessed by MBE; three and five 
varieties for flowering and veraison had higher RMSE respectively compared to the Mean 
varietal models. 
Table 3-3 Measure of spatial variation between populations for different sites for 
flowering of the five most represented varieties.  
n: number of observations; RMSE: Root Mean Squared Error; EF: model efficiency; MBE: 
Mean Bias Error; F*: the critical degree-day sum using the Grapevine Flowering Model; 
SS: Sum of Squares; MS: Minimum Square (Sum of Squares/degree of freedom); F: 
Fisher statistic; p: probability. Varieties are presented in alphabetical order, sites are 
presented in order of F* values. F and p values reported for site effect; bold values indicate 
significant variance between sites (p<0.05). 
 n RMSE EF MBE F*  df SS MS F p 
%  
variance 
Cabernet- Sauvignon 
Meana 67 5.2 0.83 0.24 1296 Modelb 1 8638.16 8638.16   82.89 
Languedoc1 20 3.6 0.45 0.09 1201 Site 4 807.46 201.87 12.62 0.000 7.75 
Switzerland 9 3.2 0.55 -0.06 1293 Residual 61 975.48 15.99    
Loire  18 3.3 0.71 -0.03 1316 Total 66 10421.10     
Alsace 13 5.2 0.60 -0.02 1327        
Aude 7 3.5 0.47 -0.06 1396        
Chardonnay 
Mean 40 6.7 0.80 0.37 1211 Model 1 7033.07 7033.07   79.51 
Languedoc1 17 7.6 0.24 0.08 1151 Site 2 312.57 156.29 3.75 0.033 3.53 
Switzerland 9 3.6 0.63 -0.02 1211 Residual 36 1499.34 41.65    
Alsace 14 5.3 0.49 0.17 1266 Total 39 8844.98     
Grenache 
Mean 55 7.5 0.77 0.16 1313 Model 1 10093.24 10093.24   76.74 
Languedoc1 20 3.4 0.53 0.10 1202 Site 4 1505.66 376.42 11.87 0.000 11.45 
Switzerland 6 2.6 0.47 0.13 1314 Residual 49 1554.45 31.72    
Loire  10 11.3 0.39 -0.26 1329 Total 54 13153.35     
Aude 7 2.2 0.74 -0.01 1395        
Alsace 12 4.3 0.71 0.22 1408        
Merlot 
Mean 39 5.1 0.86 0.42 1297 Model 1 6446.21 6446.21   86.27 
Languedoc1 10 2.7 0.32 0.05 1187 Site 3 845.31 281.77 53.11 0.000 11.31 
Switzerland 8 3.2 0.61 -0.31 1270 Residual 34 180.38 5.31    
Alsace 14 4.9 0.66 0.14 1341 Total 38 7471.9     
Aude 7 2.2 0.71 0.06 1344        
Syrah 
Mean 67 5.3 0.84 0.33 1298 Model 1 9886.38 9886.38   84.22 
Languedoc1 25 3.4 0.44 0.04 1214 Site 4 1192.48 298.12 27.57 0.000 10.16 
Alsace 14 4.5 0.65 0.14 1321 Residual 61 659.59 10.81    
Switzerland 9 3.2 0.52 0.04 1335 Total 66 11738.45     
Aude 7 2.5 0.70 -0.04 1340        
Loire  12 6.1 0.51 0.44 1354        
aMean corresponds to varietal model calculated from the combined data across the sites 
(all spatial and temporal variation). 
bModel refers to the varietal model parameterised across the five sites combined. 
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Table 3-4 Measure of spatial variation between populations for different sites for 
veraison of the five most represented varieties.  
n: number of observations; RMSE: Root Mean Squared Error; EF: model efficiency; MBE: 
Mean Bias Error; F*: the critical degree-day sum using the Grapevine Flowering Model; 
SS: Sum of Squares; MS: Minimum Square (Sum of Square/degree of freedom); F: Fisher 
statistic; p: probability. Varieties are presented in alphabetical order, sites are presented in 
order of F* values. F and p values reported for site effect; bold values indicate significant 
variance between sites (p<0.05). 
 n RMSE EF MBE F*  Df SS MS F p 
%  
variance 
Cabernet- Sauvignon 
Meana 50 5.4 0.89 -0.31 2646 Modelb 1 11775.86 11775.86   88.93 
Alsace 13 6.2 0.57 -0.09 2610 Site 4 391.21 97.80 4.00 0.007 2.95 
Languedoc3 8 3.7 0.46 -0.09 2635 Residual 44 1075.35 24.44    
Languedoc1 17 4.1 0.35 0.04 2654 Total 49 13242.42     
Switzerland 9 4.4 0.52 -0.36 2654        
Languedoc2 3 1.4 0.89 -0.03 2890        
Chardonnay 
Mean 41 5.8 0.90 0.08 2494 Model 1 12271.69 12271.69   89.84 
Languedoc3 4 3.7 -0.91 0.20 2415 Site 4 123.50 30.87 0.85 0.501 0.90 
Languedoc1 10 5.1 0.19 0.10 2461 Residual 35 1264.86 36.14    
Switzerland 9 2.5 0.63 -0.13 2464 Total 40 13660.05     
Languedoc2 4 5.1 -2.94 -0.50 2536        
Alsace 14 7.5 0.51 0.41 2537        
Grenache 
Mean 40 5.6 0.92 0.21 2757 Model 1 15089.24 15089.24   92.42 
Languedoc1 19 4.2 0.19 1.40 2707 Site 3 134.63 44.88 1.42 0.252 0.82 
Switzerland 6 6.4 0.20 -1.02 2757 Residual 35 1102.91 31.51    
Alsace 12 6.3 0.73 -0.03 2776 Total 39 16326.78     
Languedoc2 3 3.8 0.68 0.07 2828        
Merlot 
Mean 53 5.8 0.89 0.04 2603 Model 1 14279.81 14279.81   88.87 
Languedoc3 9 4.2 0.09 0.11 2533 Site 4 395.97 98.99 3.34 0.017 2.46 
Languedoc1 18 4.6 0.71 -0.08 2579 Residual 47 1391.69 29.61    
Alsace 14 6.6 0.62 0.01 2607 Total 52 16067.47     
Switzerland 9 5.1 0.28 0.03 2619        
Languedoc2 3 0.4 1.00 0.00 2834        
Syrah 
Mean 53 5.7 0.91 0.32 2591 Model 1 17195.24 17195.24   90.99 
Languedoc3 8 3.9 -0.24 0.18 2458 Site 4 619.11 154.78 6.71 0.000 3.28 
Languedoc1 19 3.3 0.37 -0.03 2547 Residual 47 1083.46 23.05    
Alsace 14 6.5 0.67 -0.25 2587 Total 52 18897.81     
Switzerland 9 3.9 0.65 -0.22 2673        
Languedoc2 3 3.8 -0.75 -0.07 2721        
aMean corresponds to varietal model calculated from the combined data across the sites 
(all spatial and temporal variation). 
bModel refers to the varietal model parameterised across the five sites combined. 
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Table 3-5 Measure of temporal variation between populations for different years 
for flowering of the five most represented varieties.  
n: number of observations; RMSE: Root Mean Squared Error; EF: model efficiency; MBE: 
Mean Bias Error; F* the critical degree-day sum using the Grapevine Flowering Model; 
SS: Sum of Squares; MS: Minimum Square (Sum of Square/degree of freedom); F: Fisher 
statistic; p: probability. Varieties are presented in alphabetical order, years are presented in 
order of F* values. F and p values reported for year effect; bold values indicate significant 
variance between years (p<0.05). 
 N RMSE EF MBE F*  df SS MS F p 
%  
variance 
Cabernet- Sauvignon 
Meana 23 4.2 0.72 0.26 1267 Modelb 1 1039.65 1039.65   71.95 
2003 5 4.1 0.03 0.40 1216 Year 4 201.67 50.42 4.46 0.011 13.96 
1999 8 5.1 0.67 0.43 1266 Residual 18 203.64 11.31    
2004 3 1.7 0.87 -0.10 1275 Total 22 1444.96     
2002 5 2.8 0.84 -0.22 1292        
2005 2 2.6 0.85 0.25 1292        
Chardonnay 
Mean 57 3.3 0.81 0.22 1203 Model 1 2661.93 2661.93   80.73 
2003 11 3.6 0.69 -0.04 1154 Year 4 77.63 19.41 1.81 0.141 2.35 
2004 11 3.2 0.69 0.03 1188 Residual 52 557.95 10.73    
2005 14 2.6 0.80 0.03 1204 Total 56 3297.51     
2002 10 3.5 0.80 0.24 1212        
1999 11 2.3 0.89 0.11 1232        
Grenache 
Mean 23 5.8 0.45 -0.34 1230 Model 1 640.35 640.35   45.24 
1999 5 10.5 0.43 -0.30 1186 Year 4 76.75 19.19 0.49 0.740 5.42 
2005 5 4.5 0.08 -0.52 1221 Residual 18 698.38 38.80    
2002 4 2.0 0.78 -0.08 1239 Total 22 1415.48     
2003 5 2.2 0.24 0.06 1251        
2004 4 1.6 -0.15 0.05 1284        
Merlot 
Mean 25 3.2 0.71 0.07 1197 Model 1 611.27 611.27   71.19 
2005 4 1.9 -0.77 -0.02 1174 Year 4 12.17 3.04 0.26 0.901 1.42 
2003 6 2.8 -3.31 0.37 1189 Residual 20 235.20 11.76    
2002 6 1.5 0.89 -0.12 1191 Total 24 858.64     
2004 4 2.2 -0.75 0.05 1214        
1999 5 5.3 0.70 -0.12 1215        
Syrah 
Mean 29 3.4 0.77 0.09 1267 Model 1 1092.33 1092.33   77.07 
2003 7 3.0 0.12 -0.19 1232 Year 4 92.55 23.14 2.39 0.079 6.53 
2005 6 3.8 -2.21 -0.47 1239 Residual 24 232.36 9.68    
2002 5 1.8 0.84 0.04 1251 Total 28 1417.24     
2004 7 1.6 0.49 -0.06 1284        
1999 4 3.5 0.92 0.65 1339        
aMean corresponds to varietal model calculated from the combined data across the years 
(all spatial and temporal variation). 
bModel refers to the varietal model parameterised across the five years combined. 
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Table 3-6 Measure of temporal variation between populations for different years 
for veraison of the five most represented varieties.  
n: number of observations; RMSE: Root Mean Squared Error; EF: model efficiency; MBE: 
Mean Bias Error; F* the critical degree-day sum using the Grapevine Flowering Model; 
SS: Sum of Squares; MS: Minimum Square (Sum of Square/degree of freedom); F: Fisher 
statistic; p: probability. Varieties are presented in alphabetical order, years are presented in 
order of F* values. F and p values reported for year effect; bold values indicate significant 
variance between years (p<0.05). 
 n RMSE EF MBE F*  df SS MS F p 
%  
variance 
Cabernet- Sauvignon 
Meana 41 4.6 0.70 -0.09 2664 Modelb 1 2030.12 2030.12   70.33 
2002 6 2.0 0.88 -0.03 2606 Year 4 220.46 55.12 3.12 0.027 7.64 
2003 8 3.5 -0.26 0.10 2631 Residual 36 635.81 17.66    
2001 8 3.5 0.72 0.14 2651 Total 40 2886.39     
1999 10 5.0 0.62 -0.19 2658        
1998 9 4.3 0.74 0.07 2765        
Chardonnay 
Mean 30 5.5 0.87 0.18 2570 Model 1 6331.12 6331.12   87.32 
1998 5 3.2 0.92 -1.06 2527 Year 4 57.86 14.47 0.42 0.793 0.80 
2003 7 3.8 0.77 -0.01 2527 Residual 25 861.32 34.45    
2001 6 9.7 0.75 -0.35 2587 Total 29 7250.30     
1999 7 4.5 0.88 0.66 2592        
2002 5 1.2 0.99 0.06 2593        
Grenache 
Mean 28 5.6 0.79 0.12 2776 Model 1 3262.96 3262.96   78.97 
2001 5 6.7 0.01 -0.14 2699 Year 4 181.23 45.31 1.51 0.231 4.39 
2002 5 3.0 0.58 -0.10 2711 Residual 23 687.92 29.91    
1999 6 3.9 0.94 0.45 2785 Total 27 4132.11     
1998 6 3.5 0.93 0.17 2795        
2003 6 6.5 -0.10 0.05 2871        
Merlot 
Mean 41 4.2 0.78 0.01 2620 Model 1 2606.75 2606.75   78.28 
2002 9 3.4 0.78 0.08 2565 Year 4 133.88 33.47 2.04 0.109 4.02 
2003 9 2.6 0.17 0.07 2617 Residual 36 589.27 16.37    
1998 8 5.7 0.68 -0.15 2619 Total 40 3329.90     
1999 6 3.0 0.92 0.07 2638        
2001 9 3.5 0.78 0.28 2674        
Syrah 
Mean 29 4.2 0.87 0.08 2623 Model 1 3407.38 3407.38   86.72 
2001 5 3.1 0.68 -0.02 2539 Year 4 192.71 48.18 3.51 0.022 4.90 
2002 7 3.8 0.49 0.07 2570 Residual 24 329.08 13.71    
2003 7 2.7 0.63 0.07 2631 Total 28 3929.17     
1999 5 3.9 0.94 0.40 2678        
1998 5 3.4 0.92 -0.40 2692        
aMean corresponds to varietal model calculated from the combined data across the years 
(all spatial and temporal variation). 
bModel refers to the varietal model parameterised across the five years combined. 
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3.5 Discussion 
3.5.1 Phenophases and characterisation of flowering and veraison for 
varieties of V. vinifera L. 
Using the GFV model and the accompanying extensive grapevine phenological database, 
we were able to provide an extensive and precise characterisation for the timing of 
flowering and veraison for a wide range of varieties.  
Each variety had a different number of observations and sites contributing to the estimated 
F* values (Tables 3-1 and 3-2). Tables 3-1 and 3-2 indicate that there was no tendency for 
red varieties to have lower RMSE and higher EFs than white varieties although the 
assessment of colour change is more readily observed in the field than assessing the 
change from opaque to translucent for white varieties. Duchêne et al. (2010) also obtained 
slightly different phenophases for several grapevine varieties in Colmar, so the results 
presented here are consistent with this idea. Given that most RMSEs obtained were less 
than one week, the model predicted well these two phenological stages even using a 
heterogeneous database. Thus, the precision obtained in this study and in the preceding 
work (Parker et al. 2011) is comparable or better than that obtained in previous studies on 
grapevine phenology (Williams et al. 1985, Moncur et al. 1989, Bindi et al. 1997, Oliveira 
1998, Garcia de Cortázar-Atauri 2006, Duchêne et al. 2010) where authors worked with 
few varieties and usually one or two observation sites.  
Veraison showed a larger amplitude in thermal summation than flowering between the 
earliest and latest variety. This was also demonstrated by Duchêne et al. (2010) suggesting 
that this larger difference for the veraison phase is not an effect of our database. Two 
simple explanations for the greater difference for veraison are 1) larger degree day 
differences for veraison due to heat summations actually having larger absolute values and 
2) other processes like crop management, water status or clonal variability could 
potentially have a greater impact on veraison than on flowering.  
3.5.2  Robustness of the classification  
Where the magnitude for the confidence interval was less than 100 C.d., it was difficult to 
improve the prediction by increasing the number of sites or observations. Below this 
threshold, other factors influencing phenology (notably crop management, water status, or 
clonal variability) likely contributed to the remaining variability. This result has two 
implications: 1) our methodology indicates that the predictability represented by CI due to 
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other factors than temperature for the most part is small and consequently it does not 
hinder our ability to provide accurate predictions for flowering and veraison with the GFV 
model for many varieties 2) this methodology indicated a minimum sample data required 
(number of data and sites) to minimize our confidence interval in describing the 
temperature effect on phenology. This corresponded to a conservative estimate around the 
inflexion of the curvilinear relationships in Figure 3-2a and b, whereby a data quantity 
necessary for prediction would correspond to approximately 30 points and a minimum of 
three sites. It may not always be possible to obtain this level of data so the process 
presented here of statistical assessment by CIs, EF and RMSE values becomes even more 
important in this context. When defining new observation networks for other species the 
statistical assessment outlined here may aid decisions regarding the quantity of data 
required to characterise these kinds of processes (phenology or others).  
We included in our classification varieties for which we could not calculate a CI due to a 
lack of data, because the F* value obtained can still be used to indicate if the variety is 
early or late relatively to the varieties we have classified. However, the robustness of the 
F* value must be treated with caution for some varieties and interpreted in the light of 
Figure 3-2 results. The F* value could change (and therefore the position of the variety in 
the classification) if more data becomes available in future studies notably for those 
varieties with less than 20 observations in less than three sites. Further data collection is 
warranted for the varieties for which a CI value could not be ascertained or for those which 
had confidence interval ranges in excess of 200 C.d. Varieties that would still show a 
large CI even when largely enough data were available to parameterise the model, may 
either show a certain level of genetic variability for phenological traits or the data available 
for these varieties may be biased. 
The assessment of site by variety and year by variety effects involved testing a subset of 
data; the variety, year and site selection corresponded to the most represented 
combinations in the data base. Even with a subset of data, the model accounted for most of 
the spatial and temporal variation. Given that the hierarchy of varieties was consistently 
maintained for the site by variety combinations, this indicates that our varietal 
parameterisation were robust at predicting correctly the hierarchy of varieties and further 
site parameterisation did not necessarily improve the model output. Where there were 
differences in hierarchy, there were also few number of observations. 
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Only a few prior studies have classified grapevine varieties for their timing of flowering or 
veraison by days or were based on heat summations, and fewer varieties have been 
considered in these studies (McIntyre et al. 1982, Villaseca et al. 1986, van Leeuwen et al. 
2008, Duchêne et al. 2010). The established database did not include data from regions 
outside of Europe some of which may correspond to warmer growing regions or high 
diurnal temperatures; further tests are warranted to consider the current model and varietal 
results under these conditions. However in comparison to some other previous studies, for 
flowering the order is consistent to that found for the varieties studied in McIntyre et al. 
(1982) on one site from 1968-1974, with the exceptions of Muscat à petits grains blancs, 
Muscat de Hambourg and Trousseau being predicted earlier in this study. These varieties 
have large CIs (range of 166, 107, and 213 C.d.), 10 or less observations but the EF and 
RMSEs values were satisfactory. The flowering classification presented here was different 
to that obtained for 14 varieties in Duchêne et al. (2010), but not for veraison for which the 
two classifications are relatively consistent. 
3.5.3 Application of the classification in the context of climate change 
The F* values obtained for each variety have two main potential uses: 1) to choose new 
varieties for planting in developing viticulture regions based on the understanding of 
which (if any) varieties will flower and undergo veraison at the optimum period for these 
phenological stages considered and 2) to use the F* values in climate change scenarios for 
selecting alternate varieties suited to new temperature regimes.  
Regarding the first possible application, the use of a process-based model, although it may 
be simple, differs from agro-climatic indices (Tonietto and Carbonneau 2004) which 
although useful in characterizing climate conditions are not specifically calibrated to 
phenological stages as in this study. The GFV model could be used to calculate a fairly 
precise date of veraison for various varieties, and by a subsequent analysis of agro-
meteorological conditions of the study area, one could determine the climatic conditions 
during the maturation period, and determine whether they would be optimal or not.  
In terms of vine production, one way of adapting to the new climatic conditions relies on 
using varieties for which the phenological cycle and most importantly the timing of harvest 
would be similar to that achieved by present varieties. It has been indeed suggested that 
this could maintain a typicity of wine production which is the end product from this crop 
(van Leeuwen and Seguin 2006, Duchêne et al. 2010). However, forecasted increased 
temperatures as a result of climate change will certainly affect berry parameters 
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independent of the effects on phenology. Acidity, aroma and flavour compounds may be 
considerably different in the context of increased temperatures (Jones et al. 2005). 
Furthermore, recent research by Sadras and Moran (2012) observed that the timing of 
onset of accumulation of anthocyanins was decoupled to the time of onset of soluble solids 
accumulation in Shiraz and Cabernet franc in relation to elevated temperatures; this 
indicates that different components will need to be considered independently for modelling 
in response to increased temperatures. Therefore, selecting a variety based on its 
phenological stage is an appropriate starting point, but further work would be required to 
understand its expression of maturation parameters under new climate change scenarios, as 
it was shown in Duchêne et al. (2010) for Gewürztraminer and Riesling. Duchêne et al. 
(2010) also indicated that adapting ‘late’ varieties like Muscat d’Alexandrie still may not 
entirely negate the effects of projected climate change scenarios by the end of the century. 
In this context, the intra-specific genetic variability of V. vinifera L. is important to 
determine if the genetic resources currently exist to achieve this adaptation. 
The potential effects of climate change are not only increased temperatures (i.e. increased 
CO2, water deficit changes, etc). CO2 is predicted to increase and the effect on the 
grapevine is an increasing vigour and therefore potential carbohydrate source size (Schultz 
2000). If water deficits increase as a result of warmer conditions, more carbohydrates are 
available for grape ripening in moderate water deficit conditions (Pellegrino et al. 2006); 
sugar accumulation may be increased (van Leeuwen et al. 2009) via reduced partitioning 
to alternative vegetative sinks (Roby et al. 2004). 
3.5.4  Understanding intra-specific variability combining process-based 
models and breeding 
Duchêne et al. (2010) showed that it is possible to apply a phenological model for two 
varieties, Riesling and Gewurztraminer, and to assess variability in Riesling x 
Gewurztraminer crosses. By combining breeding and phenological modelling they 
successfully described an increase in genetic variability that could aid selection of new 
later developing varieties in the context of climate change. The classifications of flowering 
and veraison that have been presented here provide a characterisation of the varietal 
response (F* value) for these two stages. This currently provides an extensive 
understanding of the intra-specific variability for the timing of each stage for over 100 
varieties, which is the first step in assessing the genetic suitability and adaptability of a 
variety. In future, these values can be considered and compared within breeding studies to 
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generate new later developing varieties and to assess the limits of adapting a new cross 
versus changing a cultivar due to climate change. For example, Duchêne et al. (2010) 
indicated that the virtual genotype of the Riesling x Gewurztraminer cross may not delay 
veraison sufficiently to compensate under projected climate change scenarios in the region 
of study. This further raises the question whether new varieties could be developed to 
escape extreme unfavourable climatic conditions during maturity. In this sense, breeding 
programs may need to go beyond considering only phenology. 
3.5.5  A methodology for characterizing phenology in future studies 
The methodology outlined for modelling intra-specific differences in phenology involved 
the following steps: model choice and parameterisation (Parker et al. 2011), followed by 
individual parameterisation of the model for each variety, and statistical assessment 
notably determining the confidence interval for the model prediction at the varietal level. 
In this study the model used (GFV model) only takes into account temperature to 
characterise phenological events. However, other factors as water supply (Crimmins et al. 
2008, Misson et al. 2011), or photoperiod (Chuine et al. 2010, Korner and Basler 2010) 
could also impact phenological events. Therefore the first step for selecting an appropriate 
model depends on the species of interest, and the chosen model may need to be more 
complex to incorporate other environmental factors like photoperiod or water balance. The 
methodology presented could also be complementary to the one developed by Wilczek et 
al. (2009), where genetics and modelling are linked in order to test various hypotheses of 
plant responses to climate. When possible, this type of approach will provide a better 
understanding of the real capacity of adaptation of a species to new climatic conditions. 
3.6  Conclusion 
This study provides the most extensive classification to date for the timing of flowering 
and veraison for grapevine varieties using a phenological model. To the best of our 
knowledge, this is the first study that encompasses such temporal and spatial variability to 
characterise the timing of these stages for so many different varieties of one species. This 
paper outlines an approach to allow specific phenological stages, or other simple 
processes, to be characterised for a wide range of varieties, and in this sense to evaluate the 
intra-specific variability of the species. This kind of approach could help to better 
understand plant processes such as phenology, particularly in terms of climate change. A 
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greater understanding of different varieties for any agricultural crop would allow 
adaptation and continuation of crop production in suitable regions. 
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4.1 Abstract 
Background: Different components of berries or harvest dates have previously been used 
to assess the time at which the phenological stage of maturity occurs for the grapevine 
Vitis vinifera L. Research indicates that temperature increases resulting from climate 
change have modified sugar accumulation in grapes, and this could potentially represent a 
maturity component that can be modelled using process-based modelling approaches.  
Objectives: The aims of this study were 1) to test whether phenological models could be 
calibrated to the date when the grape sugars reach a given concentration (200g/L) as a 
proxy measurement of maturity, 2) to chose the best fit model(s) for this threshold and 3) 
to use this model to classify a wide range of varieties for the date at which this sugar level 
is reached.  
Methods: Time courses of sugar concentration data, berry weight and daily maximum and 
minimum temperatures were collected across a range of sites, varieties and years. The Day 
Of the Year (DOY) at which 200g/L sugar was reached was interpolated from time course 
data and tested against different phenological models. Seven different models were tested: 
Growing Degree Days model (GDD) (with parameters unfixed), the Grapevine Flowering 
Veraison model (GFV) (which is a GDD model with a base temperature of 0C starting on 
the 60th day of the year in the Northern Hemisphere), GDD model with Tb = 10C and t0 = 
1; Sigmoid model, Chuine model, Wang model and Richardson model. Daily (arithmetic 
mean of daily maximum and daily minimum temperature), hourly (estimated from 
interpolation of a linear fit between daily minimum and maximum temperatures) and 
maximum temperatures were tested for all models. The models were evaluated using three 
statistical criteria: Akaike Information Criterion (AIC), Model efficiency (EF) and Root 
Mean Squared Error (RMSE). The two most optimal models and the two simplest models 
(GDD and GFV) were selected for validation. 
Results and Discussion: For all models, daily mean temperatures gave higher EF and 
lower AIC values, and lower RMSEs than using daily maximum temperatures or the 
hourly temperature calculations. Using daily mean temperatures, all models except the 
GDD model with Tb = 10C and t0 = 1 performed similarly in calibration with the 
difference in EF no greater than 0.11, the difference in AIC no greater than 111 and the 
difference in RMSE no greater than 0.63 among models. The GDD model with Tb = 10C 
and t0 = 1 had a negative EF value, a larger AIC value (difference of 721) and a RMSE 2-
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fold greater than the next closest model. The Sigmoid model showed the highest efficiency 
during calibration (EF = 0.48) but was no better than the other models during validation. 
The most efficient fit of the GDD model had a base temperature (Tb) of 0C and start 
DOY (t0) of 105, however this parameter combination was only slightly more efficient (EF 
= 0.42) than that of the GFV model (EF = 0.39) in calibration and less efficient in 
validation (GDD EF = 0.51, GFV EF = 0.61). The GFV model had the highest efficiency 
in validation (EF = 0.61) and the Wang model the second highest (EF = 0.56) although all 
models performed similarly (EF range = 0.51-0.61). The Sigmoid and GFV models were 
therefore respectively the most efficient and parsimonious models tested. These two 
models were calibrated for 35 varieties and the varieties were classified based on their 
thermal summation at a sugar concentration of 200g/L. Confidence intervals were 
calculated for the GFV model where there were sufficient observations for a given variety. 
Conclusions: This is the first study to compare and contrast the application of different 
phenological models to a simple maturity parameter of a sugar concentration = 200g/L. 
The classification enables an understanding of differences between varieties in thermal 
time to reach this target threshold. In application, the GFV model remains the simplest 
modelling option for growers to use so that they can assess the time to their identified 
sugars target relative to this modelled threshold. 
Keywords: calibration, classification, grapevine, model, sugar, Sigmoid model, Grapevine 
Flowering Veraison model, temperature, variety, validation, Vitis vinifera L. 
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4.2 Introduction  
Air temperature during the maturation period is considered to be one of the key 
environmental factors that affect the composition of harvested grapes (Winkler 1962, 
Gladstones 1992, Jones and Davis 2000, Jones et al. 2005, Webb et al. 2007). For 
grapevine development, the timing of key events in the cycle and in berry composition can 
also be modified by variety, soil temperature, vine water status and viticultural practices 
(McIntyre et al. 1982, Coombe and Dry 1992, Jackson and Lombard 1993). The 
appropriate variety should be selected for a region so that the climate can drive optimum 
ripening conditions. This is reflected in a balanced profile of sugars, organic acids, aromas 
and phenolic compounds of a variety at ‘ripeness’ which are considered optimal for a 
balanced wine (Jones and Davis 2000, Jones et al. 2005, Jones 2006, van Leeuwen and 
Seguin 2006). Differences in varietal response to temperature are of interest in view of 
climate change, notably to ensure chosen varieties do not ripen too early in the season 
because ripening in the hottest part of the summer results in unbalanced wines - high in 
alcohol, lacking freshness and aroma expression (van Leeuwen and Seguin, 2006). On the 
modified Eichhorn and Lorenz (E-L) classification (Coombe 1995) of grapevine 
phenology the stage of maturity is identified as stage 38, “Harvest, Berries ripe”. Often 
harvest dates are used as measures of phenological maturity. However harvest dates as 
indicators of a phenological stage that could potentially be modelled, present the following 
limitations: 1) they can be inaccurate in situations where logistics of grape reception 
supersede that of harvesting the grapes at a time considered to correspond to target 
ripeness 2) harvest dates correspond to different target composition depending on region 
and end use of grapes (for example sparkling versus still wine) 3) a lack of relationship 
between the thermal time and berry composition measured within the berries at harvest and 
4) harvest dates can be advanced when disease pressure (and particularly Botrytis cinerea) 
is high. It is therefore difficult, if not impossible, to define what is ‘ripeness’ for a given 
variety because this is dependent on the style of wine, the region and the decisions of the 
winemaker.  
Process-based phenological models that use temperature as a driving climate factor can aid 
in modelling maturity in that they correlate changes in major berry components, such as 
sugar concentrations, with the simple key environmental driver of temperature. Such 
models have been successfully calibrated at the species and varietal level notably for the 
stages of budburst, flowering and veraison of grapevine (Garcia de Cortázar-Atauri et al. 
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2009, Duchêne et al. 2010, Nendel 2010, Caffarra and Eccel 2010, Parker et al. 2011). 
Previously, historical records of harvest dates have been used successfully (one variety for 
a given wine style, in one region over a long period of time) as a proxy for temperatures, 
by implementing process-based phenological modelling techniques (Chuine et al. 2004, 
Garcia de Cortázar-Atauri et al. 2010). However, long term records of target berry 
composition do not exist for all varieties, nor do these studies directly correlate any aspect 
of berry composition that corresponds to mature grapes.  
Therefore a more objective approach to modelling the phenological stage of maturity 
would be to consider a threshold concentration or content of a berry component important 
for berry composition at harvest. The biochemical components most commonly monitored 
for berry composition at maturity are: sugar (g/L) or soluble solids (Brix), titratable acids, 
pH, phenols/anthocyanins and flavour and aroma compounds (Jackson and Lombard 
1993). Phenolic compounds and aromas or their precursors can be very varietal specific, 
for example volatile terpenes only exist in some specific white grape varieties (Muscats, 
Riesling and Gewürztraminer). Research indicates that soluble solids is not only a 
discriminating factor between different varieties but is also a changing factor in the face of 
climate change (Jones and Davis 2000, Jones et al. 2005, Jones 2006, Petrie and Sadras 
2008, Sadras and Petrie 2008). Sugar concentrations present great variability with respect 
to onset of sugar accumulation, rate and final concentration, and depend on varietal, 
environmental and management interactions (Sadras et al. 2008, Sadras and Petrie 2011a, 
b). Sugar concentrations often range between 150-250g/l at harvest, depending on the 
variety, the region and the wine style (Ribéreau-Gayon et al. 2006). At the berry level, 
sugar accumulation occurs during the onset of maturation (from veraison onwards) as a 
result of photosynthetic production by leaves and (Ollat et al. 2002); temperature exerts a 
direct effect on transpiration and a direct effect on photosynthesis in this balance. The 
importance of temperature during berry development is considered to have a greater direct 
effect during Stage I (rapid growth phase where cell division occurs) and II (lag phase 
where there is little change in berry size and fresh weight) of berry growth and less so 
during Stage III (rapid growth phase where berries expand as result of transport of water 
and sugar into the berry) (Buttrose et al. 1971).  
Sugar composition is known to be related to genotype (Liu et al. 2006). Modelling of 
historical data of soluble solid accumulation for three varieties across three sites, indicated 
that thermal time modelling was no better than real time modelling for the period of 
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veraison to harvest (Sadras and Petrie 2012). However this approach did not model 
endpoint concentrations using time versus temperature during the growing season 
preceding the maturation phase. Conversely, Duchêne et al (2012) found that using degree 
day’s calculations from veraison to harvest and maximum temperatures for the thermal 
summation gave a better correlation for different varieties (Gewürztraminer and Riesling) 
than using days alone. Huglin and Schneider (1998) have presented an analysis of sugar 
levels for many varieties at one experimental station on single point values (values on a 
given date, or the order of varieties that reached 130g/L sugar) using the Huglin Index, 
further indicating that temperature can be used to describe varietal differences in sugar 
concentration. This study is thus by far the closest to describing the maturation stage with 
respect to biochemical components and temperature for many different varieties. 
The key objective was to test a range of phenological models against a threshold sugar 
level (set at 200g/L equivalent to 19.9 Brix). The choice of this value corresponds to 
approximately 12% alcohol present in wine after fermentation of grape sugar and is similar 
to the value of Pearce and Coombe (2004). The best models were selected, validated and 
compared to existing models. Models were also parameterised at the varietal level and the 
advantages and limits of the approach were evaluated. 
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4.3 Methods 
4.3.1 Maturity database construction 
Data were collected from research institutes, extension services and private companies 
throughout France, one site in Greece, one site in Italy and one site in Spain. Time series 
of sugar concentrations (g/L or converted to g/L when another measure was taken) were 
collected; these time series were collected at each institute following their chosen 
protocols. The Day Of the Year (DOY) corresponding to a sugar concentration of 200g/L 
was interpolated from the time course from the two points in the time series either side of 
this concentration. Where berry weight data were available, data were processed further to 
remove time course points corresponding to a decrease in berry weight greater than 10% of 
the previous time point; this threshold was set to reduce the influence of data 
corresponding to sugar increases by berry dehydration rather than actual increase of sugar 
by translocation. When berry weight was not available the data were entered as provided 
and the sugar concentration of 200g/L was interpolated. The database spanned the years 
1959-62, 1964, 1966-67, 1970-73 and 1975-2010 with 51 varieties, 57 sites and 630 data 
points corresponding to 200g/L (Figures 4-1a, b and c). Before calibration, just over 10% 
of the data available (65 data points) were randomly selected for the validation dataset; 
565 data points corresponding to 200g/L remained for model calibration. 
4.3.2 Temperature data 
Daily minimum and maximum temperatures were collected and used to calculate the 
arithmetic daily mean temperature. Hourly temperatures were interpolated from the linear 
fit between consecutive daily minimum and maximum temperatures as in Garcia de 
Cortázar-Atauri et al. (2009). Meteorological stations were situated within the limits of a 
five kilometre distance and 100 metre range (higher or lower in altitude) from each 
phenological data site. 
4.3.3 Process-based models 
All data from the calibration dataset (across all varieties) were used to fit the most accurate 
species level model for the timing of the DOY to reach a sugar concentration of 200g/L. 
Model parameters were fitted using the simulated annealing algorithm of Metropolis 
following Chuine et al. (1998). Seven different models were compared using the  
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Figure 4-1 Distribution of number of data points in the database by a. year b. site 
number and c. variety. 
Closed circles (●) represent data used for calibration; open circles (○) represent data used 
for the validation process.
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calibration dataset corresponding to a range of varieties, years and sites. All models 
assume a phenological stage occurs at ts when the state of development has reached a 
critical  threshold F* 
Equation 4-1 
௙ܵሺݐ௦ሻ ൌ ෍ ௙ܴሺݔ௧ሻ
௧ೞ
௧బ
൒ ܨ∗ 
The state of development at t is described as the daily sum of rates of development, Rf, 
since t0 (DOY). 
The seven models compared were: 
1. Growing Degree Days (GDD) model (Equation 4-2) ) (Wang 1960) also known as 
Spring Warming model (SW) (Hunter and Lechowicz 1992), and Thermal time 
model (Robertson 1968) where the state of forcing Rf starts at t0 (a DOY) and the 
base temperature (Tb)  
Equation 4-2 
௙ܴሺݔ௧ሻ ൌ ܩܦܦሺݔ௧ሻ ൌ 	 ൜ 0, ݂݅		ݔ௧ ൑ ܾܶݔ௧ െ ܾܶ, ݂݅		ݔ௧ ൐ ܾܶ 
2. Grapevine Flowering Veraison model (GFV) (Parker et al. 2011) where t0 = 60 and 
the base temperature (Tb) was fixed at 0C for the GDD model 
3. Growing Degree Days model where t0 = 1 and the base temperature (Tb) was fixed 
at 10C (Pouget 1966. Riou 1994) 
4. Sigmoid model (Equation 4-3) 
Equation 4-3 
௙ܴሺݔ௧ሻ ൌ ቐ
0, ݂݅	ݔ௧ ൏ 0
1
1 ൅ ݁ௗሺ௫೟ି௘ሻ , ݂݅		ݔ௧ ൒ 0
 
5. Chuine model (Chuine 2000) (Equation 4-4) 
Equation 4-4 
௙ܴሺݔ௧ሻ ൌ 11 ൅ ݁൫௔ሺ௫ି௖ሻ൯మା௕ሺ௫ି௖ሻ
 
6. Wang and Engel (Wang) model (Wang and Engel 1998) (Equation 4-5) 
65 
 
Equation 4-5 
௙ܴሺݔ௧ሻ ൌ ቐ
2ሺݔ௧ െ ܶ݉݅݊ሻఈሺܶ݋݌ݐ െ ܶ݉݅݊ሻఈ െ ሺݔ௧ െ ܶ݉݅݊ሻଶఈ
ሺܶ݋݌ݐ െ ܶ݉݅݊ሻଶఈ , if		ܶ݉݅݊ ൑ ݔ௧ ൑ ܶ݉ܽݔ
0, if	ݔ௧ ൌ ܶ݉݅݊	or	ݔ௧ ൌ ܶ݉ܽݔ
 
where  is defined as 
Equation 4-6 
∝ൌ ݈݋݃2
݈݋݃ ൤ሺܶ݉ܽݔ െ ܶ݉݅݊ሻܶ݋݌ݐ െ ܶ݉݅݊ ൨
 
7. Richardson model (Richardson et al. 1974) (Equation 4-7) 
Equation 4-7 
௙ܴሺݔ௧ሻ ൌ ቐ
ݔ௧ െ ݈ܶ݋ݓ	݂݅	ݔ௧ ൏ ݄݄ܶ݅݃
݄݄ܶ݅݃								݂݅	ݔ௧ ൒ ݄݄ܶ݅݃
0															݂݅	ݔ௧ ൏ ݈ܶ݋ݓ
 
All models were tested using three different temperature values: 1) the daily average 
temperature (arithmetic mean of daily minimum and maximum temperature) was used for 
the xt value 2) the Rf value for each hourly temperatures using the interpolated values from 
the linear fit between consecutive daily minimum and maximum temperatures as in Garcia 
de Cortázar-Atauri et al. (2009) and 3) xt = the maximum daily temperatures used for the xt 
value. 
4.3.4 Model selection and validation 
Three models were selected: 1) the model with the highest efficiency and parsimony and 
2) the next most efficient and parsimonious model and 3) the model that required the least 
parameters and therefore the most simple in application but may not have performed the 
best in terms of efficiency and parsimony. Further characterisation of these optimal 
parameters was carried out by testing a range of values either side of each optimal 
parameter set for each model with the objective to describe the trend to the optimal 
combination (via sensitivity analysis). For the Wang model this corresponded to testing 
three different Tmax temperatures: 40, 45 and 50 C in combination with Tmin from -50 to 
15 C and testing these three different Tmax values with Topt unfitted. For the GDD 
model, Tb was tested in the range from 0 to 15C (at three different t0 values, the GFV 
model t0 value of 60, the optimised GDD model t0 value and t0 left unfitted). All three 
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models were tested for t0 = 0-140 (DOY). All three models were validated using the 
independent validation dataset. 
4.3.5 Model parameterisation for different varieties 
The F* value of the three selected models was determined for each variety using the entire 
dataset available for each variety (i.e. calibration dataset plus validation dataset). For each 
of the three models, all the other parameters were fixed to the value obtained for the model 
selection at the species level. Varieties were classified for their time to reach 200g/L sugar 
using the parameter value F* and the obtained classification was compared to that obtained 
with the GFV model for flowering and veraison. 
4.3.6 Statistical criteria 
The best model was selected based on three criteria: 1) the efficiency i.e. percentage of 
variance explained (EF; Nash and Sutcliffe, 1970, Greenwood et al. 1985, Equation 4-8) 
where a negative value indicates that the model perform worse than the null model (mean 
date where berries reached a 200 g/L concentration), and a value above zero indicates the 
model explains more variance than the null model (with a maximum value of 1); 2) the 
Root Mean Squared Error (RMSE; Equation 4-9) which gives the mean error of the 
prediction in days; 3) the Akaike Information Criterion (AIC; Burnham and Anderson 
2002) (Equation 4-10) which rates models in terms of parsimony and efficiency, with the 
lowest value associated with the best model: 
Equation 4-8 
EF= 
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Equation 4-9 
RMSE=
n
OS i
n
i
i
2
1
)( 

 
Equation 4-10 
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where Oi is the observed value, Si is the simulated value, Ō is the mean observed value for 
the data being modelled, n is the number of observations, k is the number of parameters. 
The model parameterisation for each variety was evaluated using 1) EF, 2) RMSE and 3) 
the 95% Confidence Interval (CI) (in the case of the GFV model only). The CI was 
obtained using the optimisation algorithm by making a random search in the parameter 
space at the end of the optimisation around the best parameter set found. The Fisher 
statistic was calculated for each parameter set to retain parameter sets that provide a 
p<0.05 of the Fisher statistics and therefore fall within the 95% CI around the optimal 
parameter set. Figures were plotted using Sigmaplot 12 (Systat Software, Inc., USA). 
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4.4 Results 
4.4.1 Species model calibration and choice 
There was very little difference between all models tested for their statistical criteria with 
differences between the highest and lowest value obtained equal to 0.06 for EF, 94 for AIC 
and 0.63 days for RMSE. The Sigmoid model was the most efficient and parsimonious 
model, slightly ahead of the Chuine model (which converged to the same parameter 
combination as the Sigmoid model and was therefore equivalent) and the Wang model 
(which had a fitted minimum temperature value of -50C) (Table 4-1).  
When the GDD model was fitted (parameters not fixed), the best parameter values were t0 
= 105, and Tb = 0C; this parameter combination was slightly more efficient than the 
parameters of the GFV model (t0 = 60, Tb = 0C) (Table 4-1). The GDD, Richardson and 
GFV models were the least efficient and least parsimonious models. The error of 
prediction in days (RMSE) was similar across six models (values ranged from 10.37-11.00 
days) except the GDD t0 = 1 Tb = 10C had an RMSE = 22.59 days. All models 
outperformed by far previous calibrated GDD model values of t0 = 1 and Tb = 10C (Table 
4-1); this model was consequently omitted from subsequent analysis. 
Modelling the time to a sugar concentration of 200g/L using the daily maximum 
temperature or the hourly temperature resulted in similar trends and model ratings to those 
observed for the daily temperature models (Table 4-2 and Table 4-3): the Sigmoid model 
performed the best, but was almost equivalent to the Chuine and Wang models; the Chuine 
model converged to similar parameter values as the Sigmoid model; and the Richardson 
and GDD models also gave very similar statistical output. One difference was that 
Sigmoid and Chuine models using the maximum temperature, t0 was close to 60 (the value 
used in the GFV model) whereas for the daily temperature models, this value was more 
similar to the GDD model fitted parameter values of t0 = 105 (Table 4-2 compared to 
Table 4-3). For each model, when comparing between the daily average temperature 
approach (Table 4-1) versus the daily maximum temperature approach (Table 4-2), the 
daily average temperature modelling approach had better statistical parameters (AIC, EF 
and RMSE) with the only exception being the GFV model (Table 4-2). For the hourly 
temperature models (Table 4-3), t0 was similar for GDD, Sigmoid, Wang and Richardson 
models whereas the Chuine model was different (t0 = 80). For each model, the additional  
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Table 4-1 Parameter values and statistical criteria of the seven models calibrated 
using daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L.  
565 observations were fitted during the calibration process (same data for all models). 
Models tested were: GDD with parameters t0 fixed to 1 and Tb fixed to 10C, Growing 
Degree Days model (GDD) with all parameters unfitted, Grapevine Flowering Veraison 
model (GFV), Sigmoid model, Chuine model, Wang model and Richardson model. 
Models are compared according to their Akaike Information Criterion (AIC) (the lowest 
value indicates the most efficient and most parsimonious model); and their efficiency 
(EF); and their Root Mean Squared Error (RMSE, in days). F* values are given to four 
significant figures. 
 GDD 
t0=1 
Tb=10 
GDD GFV 
 
Sigmoid Chuine Wang Richardson 
Parameters
t0 1 105 60 103 103 81.1 103 
F*  1282 2802 3267 82.11 82.05 123.6 2770 
Tb 10 0 0     
a     0.00001   
b     -0.11   
c     17.01   
d    -0.11    
e    17.00    
Topt      28.45  
Tmin      -50.00  
Tmax      39.86  
Tlow       0.19 
Thigh       24.49 
Statistical criteria
EF -1.49 0.42 0.37 0.48 0.48 0.48 0.43 
AIC 3528 2702 2747 2651 2653 2654 2699 
RMSE 22.59 10.87 11.00 10.37 10.37 10.38 10.82 
Best model 7 5 6 1 2 3 4 
calculation of hourly temperatures (Table 4-3 compared to Table 4-1) in the model did not 
improve any models’ performance with the only exception being the GFV model; in 
general differences were less than one for the AIC, less than 0.01 for the EF, or 0.3 for the 
RMSE. 
Given that the hourly and daily models were equivalent and the Chuine model was 
essentially the same as the Sigmoid model, the best model overall was the Sigmoid model, 
closely followed by the Wang model. GDD and GFV models were less efficient and 
parsimonious but the difference was small (EF difference of 0.05 for the GDD model and 
0.11 for the GFV model compared to the best model, Sigmoid model). 
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Table 4-2 Parameter values and statistical criteria of the six models calibrated 
using daily maximum temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L. 
Legend as in Table 4-1 (GDD with parameters t0 fixed to 1 and Tb fixed to 10C omitted). 
 GDD GFV Model Sigmoid Chuine Wang Richardson
Parameters
t0 105 60 57.8 58.3 81.4 104 
F*  3631 4361 103.6 100.6 127.5 3454 
Tb 0.00042 0     
a    0.00002   
b    -0.078   
c    21.57   
d   -0.080    
e   20.76    
Topt     34.92  
Tmin     -50.00  
Tmax     48.21  
Tlow      0.78 
Thigh      29.43 
Statistical criteria
EF 0.42 0.39 0.46 0.46 0.45 0.42 
AIC 2708 2737 2671 2673 2685 2709 
RMSE 10.92 11.25 10.56 10.56 10.67 10.92 
Best model 4 6 1 2 3 5 
The relationship between the observed and predicted DOY for all models was close to the 
1:1 linear correlation, except in the case of the GDD model with Tb = 10C and t0 = 1 
(Figure 4-2). The relationship between the observed and predicted DOY values indicated 
two outlier points (Figure 4-2a-f both points corresponded to an observed DOY = 313 and 
a predicted DOY = 365 just different varieties). These points were from the same source 
and year and were single point harvest values (not interpolated). The models were tested 
including and excluding these points: omission of the two outlying points had little effect 
on the order of model performance and model preference, although the EF for the 
modelling including this data point was reduced for Chuine, Sigmoid and Wang models 
(Table 4-4). The AIC and RMSE values were improved slightly for all models when these 
points were omitted but since little difference was observed between the model calibration 
in the presence/absence of these points, these points had little leverage on the model 
calibrations (except for Richardson model which was slightly improved compared to the 
others) (Table 4-4). The omission of the two outlying points altered slightly the parameter 
estimates of the Sigmoid model (d decreased by 0.04 and e decreased by 2.46) and the EF 
reduced by 0.04. For GDD and GFV models, there was little change in the EF values and  
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Table 4-3 Parameter values and statistical criteria of the six models calibrated 
using hourly temperature values to predict the Day Of the Year (DOY) 
corresponding a sugar concentration of 200g/L.  
Legend as in Table 4-1 (GDD with parameters t0 fixed to 1 and Tb fixed to 10C omitted).  
 GDD GFV Model Sigmoid Chuine Wang Richardson
Parameters
t0 104 60 103 81.6 103 104 
F*  65510 76100 81.70 1926 108.5 62870 
Tb 0 0     
a    0.00001   
b    -0.10   
c    18.53   
d   -0.11    
e   17.10    
Topt     29.31  
Tmin     -50.00  
Tmax     40.63  
Tlow      0.0001 
Thigh      24.10 
       
Statistical criteria
EF 0.43 0.39 0.48 0.48 0.48 0.43 
AIC 2700 2738 2651 2651 2652 2670 
RMSE 10.85 11.26 10.37 10.36 10.37 10.83 
Best model 5 6 2 1 2 4 
little difference in parameter estimates for the GDD model. For the Wang model the Tmin 
estimate was higher compared to when the outliers were present but still negative (Figure 
4-3) (from -50 to -25C). These two points remained in the dataset for all subsequent 
analysis based on these results. Given that there was little difference between the Sigmoid 
model and the GDD model with t0 = 105 or 60, sensitivity analysis of model parameters 
was carried out to characterise the variation around these parameter values in terms of EF 
values. 
4.4.2 Sensitivity analysis of temperature parameters for the Wang model 
The parameter set obtained for the Wang model with daily mean temperature was Topt = 
28.45 °C; Tmax = 39.86 °C; Tmin = -50 °C. The estimate of Tmin = -50 C represented an 
improbable value in terms of biologically-driven processes and was therefore an 
adjustment of this parameter was explored. Firstly, Topt was fixed to the value obtained by 
calibration (28 C), Tmax was fixed sequentially at 40, 45 or 50 C (calibration value was 
always greater than 40 C) and Tmin was fixed sequentially to values between -50 C and  
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Figure 4-2 Scatterplot of predicted and observed Day Of the Year (DOY) of the 
calibration dataset for the seven models.  
Models (parameters values) obtained through the calibration process: a. Growing Degree 
Days model (GDD) (Tb = 0C, t0  = 105); b. Grapevine Flowering Veraison (GFV) model 
(Tb = 0C, t0 = 60); c. Sigmoid model (t0 = 103, d = -0.11, e = 17); d. Chuine model (t0 = 
103, a = 0, b = -0.11, c = 17.01); e. Wang model (t0 = 81, Topt = 28.45, Tmin = -50, Tmax 
= 39.86); f) Richardson model (t0 = 103, Tlow = 0.19, Thigh = 24.49); g. GDD model (t0 = 
1, Tb = 10C). The line represents the 1:1 relationship for prediction and observed DOY 
200g/L values.  
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Table 4-4 Parameter values and statistical criteria of the six models calibrated 
using daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding to a sugar concentration of 200g/L with the exclusion of two outlying 
values from the calibration set.  
Legend as in Table 4-1 (GDD with parameters t0 fixed to 1 and Tb fixed to 10C omitted). 
 GDD GFV Model Sigmoid Chuine Wang Richardson
Parameters
t0 105 60 103 103 103 103 
F*  2802 3267 96.21 96.55 110.2 2765 
Tb 0 0     
a    0.0002   
b    -0.16   
c    14.61   
d   -0.15    
e   14.64    
Topt     28.30  
Tmin     -25.18  
Tmax     39.60  
Tlow      0.24 
Thigh      24.56 
Statistical criteria
EF 0.43 0.38 0.44 0.44 0.44 0.44 
AIC 2647 2695 2641 2643 2644 2643 
RMSE 10.44 10.93 10.37 10.37 10.37 10.38 
Best model 5 6 1 2 4 2 
 
Figure 4-3 Change in EF with increasing Tmin for the Wang model when Topt = 
28 C (calibration value), t0 = fitted and Tmax was tested at three values (40 C, 
calibration value, 45 C and 50 C). 
Different Tmin values were tested starting at the value obtained from the calibration 
process, Tmin = -50 C. The dotted line indicates 0C for Tmin, which was selected for the 
Tmin value of the Wang model (non-negative value with the highest efficiency, EF, at all 
three different Tmax values). 
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Figure 4-4 Change in EF with increasing Tmax for the Wang model when Tmin = 
0 C, Topt = 28 C and t0 = fitted.  
 
Figure 4-5 Change in Topt (C) with increase in t0 for the Wang model when Tmin 
= 0 C, and Tmax = 40, 45 or 50 C.  
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15 C. There was little change in EF of the Wang model at all three Tmax levels up to 
Tmin = 5 C (Figure 4-3). The value of 0 C for Tmin was the first non-negative Tmin 
value that was tested that gave the highest efficiency (Figure 4-3). Optimisation of the 
Tmax when Tmin = 0 C and Topt = 28 C indicated that there was very little difference in 
the value of 40, 45 and 50 C for Tmax (Figure 4-4). When the Tmin value was not 
negative as in the case of the best parameter set found by the adjustment procedure, the 
Wang model was not more efficient (EF = 0.40) than the Sigmoid model (EF = 0.48). 
Further analysis of Topt when Tmax = 40, 45 or 50 C, Tmin = 0 C, across a range of t0 
values indicated little change in Topt at each Tmax value; Tmax = 45 C the Topt value 
was closest to the fitted value of 28 C at most t0 values (Figure 4-5). 
4.4.3 Sensitivity analysis of Tb for the GDD model 
As Tb increased up to 5 C, there was little difference in model performance between the 
GDD model with t0 fixed to 105 and the GDD model with t0 fitted (Figure 4-6). When Tb 
was greater than 5 C the EF decreased more rapidly for the GDD model with t0 fixed to 
105 than the GDD model t0 fitted. The GDD model with t0 fixed to 60 (which is the value 
for the GFV model) had a lower EF at all Tb values, and the efficiency also decreased 
more rapidly with Tb values greater than 5 C (Figure 4-6). All combinations indicated 
that Tb = 10 C was less efficient than using a value between 0 and 5 C (Figure 4-6). 
4.4.4 Sensitivity analysis of t0  
When t0 was varied between 0 and 140 with a step of 10, the Sigmoid model was more 
efficient than the GDD, GFV and Wang models at all t0 values (Figure 4-7). For GDD 
model with Tb unfitted, the value that was fitted by the simulated annealing algorithm was 
0 C. Both the GDD and the GFV models gave a similar response to the Wang model with 
Tmax at 40-50 C but the model efficiency reach a maximum at 83 days for the Wang 
model and 105 days for the GDD model (Figure 4-7). 
4.4.5 Model validation 
The efficiency of the Sigmoid, GFV, GDD and Wang models did not differ greatly by the 
validation process, except that the GFV model outperformed the other three models, and 
the Wang model performed slightly better than the Sigmoid and GDD models. Notably, all  
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Figure 4-6 Characterisation of Tb (C) for the GDD model.  
t0 was fitted, fixed to 105 or 60 DOY for the GDD model at various Tb values. Numbers 
above the t0 fitted points correspond to the value optimised for parameter t0 (DOY) (t0 
fitted). 
 
 
 
Figure 4-7 Change in EF with increasing t0 (Day Of the Year, DOY) values for 
three models (six variations in total). 
1. GDD model with Tb = 0 C; 2. GDD model with Tb unfitted; 3. Sigmoid model (d = -
0.11, e = 17 from the calibration process); 4. Wang model Tmin = 0 C, Topt = 28 C and 
Tmax = 40 C; 5. Wang model Tmin = 0 C, Topt = 28 C and Tmax = 45 C and 6. Wang 
model Tmin = 0 C, Topt = 28 C and Tmax = 50 C. 
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Table 4-5 Parameter values and statistical criteria of the six models validated 
using daily mean temperature values to predict the Day Of the Year (DOY) 
corresponding to a sugar concentration of 200g/L.  
Legend as in Table 4-1 (GDD with parameters t0 fixed to 1 and Tb fixed to 10C omitted). 
For all models, F* was the only parameter fitted in the validation process. 
 GDD GFV  Sigmoid Wang 
Parameters
t0 105 60 105 83 
F*  2783 3252 80.63. 109.7. 
Tb 0 0   
a     
b     
c     
d   -0.11  
e   17  
Topt    28 
Tmin    0 
Tmax    40 
Tlow     
Thigh     
Statistical criteria
EF 0.52 0.61 0.51 0.56 
AIC 304.7 291.2 306.4 299.1 
RMSE 10.26 9.25 10.40 9.83 
models had higher EF values with the validation dataset than the calibration dataset (Table 
4-5). All four models thus represent feasible options for predicting the date of 200g/L of 
sugar accumulation, because there was little difference between the models efficiency in 
calibration and validation. For this study, the aim was to classify different varieties so two 
models were chosen: 1) the best fit model from the calibration process (Sigmoid model) 
and 2) the simplest model. Among the simple models, the GDD model unfitted and the 
GFV models performed similarly. Hence, the GFV model was chosen because it is 
obviously interesting for end-users to implement the same model to predict flowering, 
veraison and DOY of to reach a sugar concentration of 200 g/L. 
4.4.6 Calibration of the Sigmoid and GFV model at the varietal level 
16 additional varieties to those listed in Table 4-6 existed in the database and were used to 
calibrate and validate the models at the level of the species, but they could not be 
characterised by the fitting procedure because they only had one observation each. 
Sigmoid model 
The Sigmoid model predicted the DOY where sugar concentration corresponded to 200g/L 
better than the null model (mean date) for 31 out of 35 varieties (indicated by the positive 
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EF values in Table 4-6). The EF of the model was greater than 0.50 for 19 varieties and 
greater than 0.75 for 10 varieties; 17 varieties had RMSE values inferior to one week. 
Among the 18 varieties with a RMSE greater than one week, four corresponded to the 
varieties with negative efficiencies. The RMSE values were greater than four days for all 
varieties with negative EF values. All varieties with negative EF values had low spatial (1-
3 sites per variety) and temporal variability (with six or less data points).  
GFV model 
The GFV model predicted better than the null model (mean date) for the same varieties as 
those for the Sigmoid model (with the exception of Sangiovese which also had a negative 
EF for the GFV model) (Table 4-6). The EF values for the GFV model were higher than 
0.5 for 22 varieties and higher than 0.75 for 17 varieties. 19 varieties had RMSE values 
inferior to one week, two more than for the parameterisation with the Sigmoid model. The 
F* estimate of the GFV model varied by 844 C.d. between the earliest and latest variety, 
which is approximately six weeks for a site with mean temperatures of 20 °C during the 
maturation period. This time span is consistent with observations in grapevine collections. 
Neither modelling option was optimal for the varieties that had negative EF values. The 
quality of the model prediction for varieties with negative EF was greater than five days 
(RMSE values). Sangiovese differed to the other varieties with negative EF values in that 
it had a greater spatial (five sites) and temporal variability (20 observations over the years 
2000-2001, 2003-2009). 
The GFV model was more efficient than the Sigmoid model for 21 out of 35 varieties, 
although overall (combined dataset of calibration and validation data) the Sigmoid model 
had a higher EF (0.50) and lower RMSE value (10.26) than the GFV model (EF = 0.42, 
RMSE = 11.04). 
There existed several small differences in the order of varieties but the models were 
consistent when the varieties were divided into three broad groups (Table 4-6). For the 
varieties with more than three sites and 20 observations (defined as an appropriate quantity 
of data to generate F* values in Chapter 3), the two orders of classification for the Sigmoid 
model and the GFV model were relatively consistent; discrepancies corresponded to 
differences of less than 70 C.d. for the GFV model. 
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Table 4-6 Classification and statistical assessment of varieties for their timing of Day Of the Year (DOY) to reach a sugar 
concentration of 200g/L using the Grapevine Flowering Veraison (GFV) and Sigmoid models.  
F* is the critical degree-day sum for each model. EF is the efficiency of the model. The order of varieties corresponds to the classification of F* 
by the GFV model. Sigmoid model order corresponds to the order of varieties when characterised by the Sigmoid model. RMSE is the Root 
Mean Squared Error in days. The bold borders indicate three groupings of varieties (early, middle and late) that were consistent between the two 
models, GFV and Sigmoid model. 
GFV 
model 
order 
Variety Number of sites Number of observations 
GFV Sigmoid 
model 
order† 
Sigmoid 
RMSE EF F* RMSE EF F* 
1 Pinot noir 5 9 8 0.89 2876 5 6.46 0.93 77.22 
2 Gewürztraminer 5 9 13.16 0.77 2878 6 7.88 0.92 77.6 
3 Portan 1 3 5.44 -2.42 2907 1 5.08 -1.98 70.17 
4 Marselan 4 5 7.59 -1.2 3003 2 7.49 -1.14 73.28 
5 Viognier 2 3 1.22 0.94 3051 3 0.42 0.99 74.74 
6 Pinot gris 3 3 1.72 0.98 3062 10 4.85 0.85 78.62 
7 Sauvignon blanc 6 10 5.34 0.8 3103 8 5.69 0.77 77.96 
8 Chardonnay 10 27 6.04 0.87 3104 9 8.43 0.74 78.35 
9 Gamay 3 7 5.43 0.84 3109 11 5.03 0.87 78.76 
10 Muscat blanc à petits grains 3 6 2.35 0.87 3135 4 3.39 0.74 76.25 
11 Chenin 5 8 3.93 0.94 3143 16 5.53 0.88 80.98 
12 Merlot 19 128 7.98 0.66 3165 12 9.02 0.57 79.33 
13 Carmènere 2 2 1.73 0.85 3166 7 3.21 0.49 77.9 
14 Semillon 2 9 6.25 0.4 3225 14 7.11 0.23 80.88 
15 Tempranillo 2 2 0.91 0.996 3226 17 1.49 0.99 81.73 
16 Cabernet franc 6 25 7.78 0.59 3230 18 7.28 0.64 81.84 
17 Grenache 13 79 6.6 0.57 3266 15 7.09 0.51 80.89 
18 Pinot blanc 2 2 6.23 0.83 3266 13 8.59 0.67 80.21 
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Table 4-6 cont. 
GFV 
model 
order 
Variety Number of sites Number of observations
GFV Sigmoid 
model 
order† 
Sigmoid 
RMSE EF F* RMSE EF F* 
19 Syrah 14 47 7.73 0.34 3294 19 7.9 0.31 81.95 
20 Arinaroa 2 5 4.06 0.91 3299 23 2.28 0.97 84.3 
21 Cabernet-Sauvignon 15 89 10.33 0.43 3331 24 9.98 0.47 84.54 
22 Petit verdot 6 15 8.86 0.42 3350 22 8.79 0.43 83.85 
23 Barbera 1 2 5.31 0.07 3362 21 2.99 0.71 83.3 
24 Roussanne 2 2 3.46 0.79 3366 20 5.34 0.49 82.51 
25 Tannat 1 5 12.37 -0.55 3378 28 10.94 -0.21 86.69 
26 Sangiovese 5 20 11.22 -0.24 3426 29 9.80 0.06 86.72 
27 Cinsaut 11 28 7.41 0.53 3456 25 8.39 0.4 85.83 
28 Caladoc 2 2 0.57 0.98 3463 27 1.97 0.81 86.35 
29 Colombard 4 6 6.82 0.78 3483 26 8.04 0.69 86.26 
30 Mourvèdre 7 25 9.49 0.32 3544 30 9.59 0.3 87.5 
31 Carignan 6 13 6.26 0.35 3551 31 6.51 0.3 87.57 
32 Ugni blanc 2 2 9.89 0.78 3610 32 12.95 0.62 90.62 
33 Vermentino 2 3 15.32 -3.83 3657 33 13.94 -3 91.13 
34 Zinfandel 1 2 2.07 0.53 3708 35 2.16 0.48 92.68 
35 Sciaccarello 1 5 3.82 0.29 3720 34 4.85 -0.14 91.57 
†The order of varieties for the 10 most represented varieties for the GFV model were: 1. Chardonnay 2. Merlot 3. Cabernet franc 4. Grenache 5. 
Syrah 6. Cabernet-Sauvignon 7. Petit verdot 8. Sangiovese 9. Cinsaut and 10. Mourvèdre. This order was the same for the Sigmoid model except 
Petit verdot was 7th , Sangiovese 9th  and Cinsaut 8th . 
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4.4.7 Confidence Intervals for varietal calibration using the GFV model 
Given that the GFV model performed better at the varietal level (more varieties with 
higher EF values, Table 4-6), CIs were calculated for the F* values of 26 varieties; it was 
not possible to generate CIs for nine of the varieties because they had fewer than three 
observations. As observed in Chapter 3, the CIs reflected the number of observations; 
those varieties with a greater number of observations and sites (Table 4-6) had smaller CIs 
(Figure 4-8). All varieties with CIs < 200 C.d. (close circles or grey filled circles) had at 
least five sites and eight observations; the only exceptions were Muscat blanc à petits 
grains (three sites and six observations) and Gamay (three sites and seven observations) 
(Figure 4-8). 
When the F* estimate from the GFV model for the DOY to reach the sugar concentration 
of 200g/L was added to the F* estimate of the GFV models for the date of flowering and 
veraison (Chapter 3, different data sets), it was observed that the order of maturity did not 
necessarily reflect that of flowering or veraison and the phenophases were of different 
length depending on the variety (Figure 4-9). For example, only a few varieties indicate 
little change in their position in the classification for each stage (Merlot: flowering = 15th, 
veraison = 15th and DOY corresponding to a sugar concentration of 200g/L = 12th; 
Cabernet Sauvignon: flowering = 22nd, veraison = 18th and DOY corresponding to a sugar 
concentration of 200g/L = 20th) and others had more marked changes in their relative 
positions (Cabernet franc: flowering = 11th, veraison = 19th and DOY corresponding to a 
sugar concentration of 200g/L = 15th; Cinsaut: flowering = 12th, veraison = 17th and DOY 
corresponding to a sugar concentration of 200g/L = 24th). 
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Figure 4-8 Classification by F* and associated Confidence Intervals (CIs) for the modelling of 26 varieties for the day of the year to 
reach a sugar concentration of 200g/l  using the GFV model.  
Closed circles (●) represent data varieties with CIs <100 C.d., grey circles () indicate varieties with CIs<200 C.d., open circles (○) indicate 
varieties with CIs  200 C.d. or undetermined, error bars correspond to the CIs. 
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Figure 4-9 Characterisation of phenophases using the GFV model. 
Black bars indicate the F* values from the 60th Day Of the Year (DOY) until the appearance of 50% flowering; grey bars indicate the F* values 
from 50% flowering to 50% veraison and dark grey bars indicate the F* values from 50% veraison to the DOY where sugar concentration was 
200g/L.
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4.5 Discussion 
4.5.1 Model choice 
In this research, several models were tested to estimate the DOY when berry sugar 
concentration reaches 200 g/L. All tested models outperformed by far the model that is 
commonly used today, i.e. the GDD model with t0 = 1; Tb = 10°C. Our results indicate that 
more than one model is adaptable for modelling the DOY corresponding to a sugar 
concentration of 200g/L (Sigmoid, GFV and Wang models) and can be used in future 
studies for modelling grapevine phenology and development, given that the results for 
DOY corresponding to a sugar concentration of 200g/L at the species level resulted in very 
little difference between models in terms of their statistical assessment. This is an 
important consideration because, although one model can be selected for a specific 
hypothesis or modelling question, often several model possibilities can co-exist. Modelling 
based on maximum temperatures, or hourly temperatures, did not improve model 
performances compared to the use of mean daily temperatures. The two outlier points did 
not alter the results and may have simply resulted from the fact that they were single point 
harvest measurements; error could have occurred due to the sugar concentration of 200g/l 
being reached before harvest (which would be the earliest time corresponding to 200g/L) 
and not changing (i.e. reaching a plateau maximum sugar concentration) at harvest.  
The GFV model (Parker et al. 2011) was initially created to model the grapevine flowering 
and veraison phenological stages. Hence, the GFV model can be applied to model three 
major phenological events in grapevine development. Moreover, because of its simplicity, 
it can easily be implemented by potential end-users. Using the GFV model, we fitted the 
F* parameter for 35 varieties, resulting in a classification for the time to reach a sugar 
concentration of 200g/L for a wide range of varieties. Previously, classifications based on 
thermal time have been published by Huglin and Schneider (1998) and Gladstones (2011). 
However, this is the first time that such a classification is based upon a database covering 
47 vintages, 35 varieties across 57 sites. F* values have been calculated with their 95% CI 
for 26 out of the 35 varieties. 
It is likely for future studies that model calibration to individual varieties could result in 
different model choices. This approach has been used successfully elsewhere (Garcia de 
Cortázar-Atauri et al. 2010) to calibrate the Wang model (Wang and Engel 1998) 
individually for three varieties but it does not allow a between variety comparison for the 
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purpose of a classification. Other research has successfully adapted different phenological 
models to regional/varietal specific observations (Caffarra and Eccel 2010, Duchêne et al. 
2010, Nendel 2010, Duchêne et al. 2012) suggesting that in the future more than one 
modelling option is possible for different varieties or modelling questions.  
For the purpose of comparing several varieties the simplest model is sufficient, but it does 
not necessarily preclude that a model based more complex temperature-driven processes 
like the Wang model could potentially perform better when calibrated to individual 
varieties. However, our results indicated that when parameterised at the varietal level, the 
simplest model (GFV) still out performed the best calibrated model, the Sigmoid model. 
One disadvantage of the Sigmoid model compared to the GFV model is that the biological 
interpretation of the parameters is more difficult compared to temperature thresholds. 
Although the Wang model was not parameterised at the varietal level since it was neither 
the best model nor the simplest, it still performed well and could potentially offer an 
alternative modelling choice with biological meaningful parameters (of optimum, 
maximum and minimum temperatures). However, more data concerning the supra-optimal 
response of the model (climatic conditions above Topt threshold) is required to better 
describe plant adaptation capacities.  
In terms of the parameterisation of the GDD model, two t0 values could potentially be 
used, that of the GFV model (t0 = 60) and that obtained in this study (t0 = 105). t0 = 60 was 
derived from the flowering calibration process in Parker et al. (2011); for veraison, t0 = 95 
performed equally as well as the t0 = 60 (Parker et al. 2011). Our t0 optimisation of the 
calibration dataset with Tb = 0C (Figure 4-7) indicated that values between 60 and 100 
for t0 were slightly less efficient than 105. For the purpose of comparing many varieties at 
different stages using one model, the GFV model offers one solution; however, the 
individual calibration values (highest EF) obtained for each stage individually did not 
correspond to the exact GFV model parameter combination. Given that the optimal t0 
value was 56 for the flowering, 92 for veraison and 105 for the DOY to reach a sugar 
concentration of 200g/L, it indicates that later stages are better predicted with later start 
dates (or conversely earlier dates increase the error in prediction). The values 92 and 105 
are close to the time of budbreak; this suggests our model parameterisation converges to 
the approximate time of this prior phenological stage. 
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4.5.2 Application of a phenological model to a maturation parameter (sugar 
concentration) of V. vinifera L. 
We applied a phenological model to predict the time (DOY) when a sugar concentration of 
200g/L is reached, one component of maturity rather than a development event (for 
example, leaf unfolding or flowering). The successful application indicates that sugar 
concentrations can be correlated to temperature over the growing season even if the actual 
period from veraison to harvest may not be predicted any better using thermal time versus 
real time (as tested in Sadras and Petrie 2012). When calibrating our models to 200g/L 
sugar, we were able to select a model that predicted from an earlier time point than 
veraison, reflecting the temperature conditions prior to the maturation phase and therefore 
negating the effect of a lack of correlation between thermal time and soluble solids post 
veraison as observed in Sadras and Petrie (2012).  
It important to realise other modelling approaches or separate calibration of thermal time 
models may be necessary for different maturation parameters. Sadras and Moran (2012) 
observed that the timing of onset of accumulation of anthocyanins was decoupled to the 
time of onset of soluble solids accumulation in Shiraz and Cabernet franc in relation to 
elevated temperature; that is the effect of increased temperatures did not have equivalent 
effects on different maturation parameters.  
4.5.3 200g/l sugar as a target value for modelling 
When the 200g/L sugar is situated on the linear part of the soluble solids accumulation 
curve it can be considered to provide a direct comparison between varieties; however for 
some varieties it may correspond to a point along the response curve where sugar 
accumulation is slowing down (the rate is less than the linear response phase) or a point 
along the plateau (maximum sugar concentration), meaning that the between variety 
comparison does not necessarily reflect the exact same stage of development. The research 
by Sadras et al. (2008) supports the idea that the plateau value of soluble solids and the 
form of ripening trajectories differ between varieties; for example the maximum soluble 
solids concentration modelled for Chardonnay was estimated at 22.4 Brix (227g/L) 
whereas Grenache was estimated to have a maximum concentration of 25.3 Brix (259g/L) 
in the study by Sadras et al. (2008). This point has to be taken into consideration when the 
DOY to reach a sugar concentration of 200 g/L is used for classifying different varieties. 
Some varieties, like Chardonnay, might be very close to their maximum sugar 
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concentration by accumulation when they reach a grape sugar concentration of 200 g/L. 
Other varieties, like Grenache, still need to ripen ten days or more, because there 
maximum sugar concentration is higher than 200g/L. This explains for instance why 
Grenache is close to a variety like Cabernet franc in our classification, while, when grown 
side by side, Grenache will be harvested over a week later. In our study, data was collected 
on Chasselas and Riesling but these varieties failed to reach the threshold of 200g/l 
because the sugar concentration reached a plateau before this target value. It is not clear 
from this work whether the maximum sugar concentration for these varieties is less than 
200g/L or that the data we received corresponded to insufficient temperature conditions to 
reach this threshold for these varieties. Future work would need to consider obtaining more 
data for these varieties to address this question and in the case where the maximum sugar 
concentration is less than 200g/L, modelling these varieties separately may need to be 
considered in addition to the work presented here. Another limitation to be further 
explored is that Sangiovese was not well calibrated by either the Sigmoid or GFV model 
even though the data considered in the modelling process was temporally and spatially 
variable (Figure 4-8). 
4.5.4  Classification of varieties 
The classification order between the Sigmoid model and the GFV model were fairly 
consistent and varieties can be clustered in three groups (early, middle and late ripening) 
(Table 4-6). More data are required to correctly characterise varieties with few data points 
and improve the classification. Pinot blanc appears poorly classified based on empirical 
knowledge (C.van Leeuwen, pers. comm.). This work is based on an historical database 
which is not homogeneous for all stages - it was not possible to achieve the same number 
of sites, years or observations across a wide range of varieties. Although this heterogeneity 
allows modelling at a species level, it does not preclude that some varieties are more 
represented in the database (Figure 4-1c) and could potentially be more accurately 
calibrated as a result.  
In Chapter 3 it was observed that the CI of F* for flowering and veraison was optimal 
when there were more than three sites and 20 observations for a given variety; only nine 
varieties reached this threshold for the database corresponding to the DOY to reach 200g/L 
sugar. Therefore, the F* values presented here may change slightly for the remaining 
varieties upon expansion of the database but more importantly the CI around the F* value 
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will be reduced giving more certainty about the characterisation of this value for a given 
variety. The results showed that the veraison–maturation phase is of different lengths 
depending on the variety (Figure 4-9). However, these differences may be confounded by 
the use of different data to calibrate flowering, veraison versus the data obtained to 
estimate the DOY to reach a sugar concentration of 200 g/L. 
4.5.5 Climate-variety-management interactions in the face of climate change 
Increasing temperatures have been linked to advances in phenological stages and earlier 
harvest in hotter periods of the season (Duchêne and Schneider 2005, Jones et al. 2005, 
Webb et al. 2007, Petrie and Sadras 2008, Duchêne et al. 2010) indicating that varieties 
currently adapted to certain climate conditions may no longer suit the climate of the future. 
We have successfully characterised a range of varieties from early ripening varieties like 
Pinot noir to late ripening varieties like Ugni blanc. Changing to a later ripening variety in 
response to this increase in temperature offers one potential solution to counter warming 
conditions. Altering the LA:FW ratio by trimming post bloom (Poni and Giachino 2000) 
or by leaf removal (Ollat and Gaudillere 1998, Petrie et al. 2000a) can delay veraison: this 
is a management practice that could be potentially explored further to determine to what 
extent development and time to a target sugar concentration can be delayed by such 
manipulations and how the magnitude of this change compares to differences in timing 
between different varieties.  
4.5.6 Future modelling options 
The advantage of using a single threshold allows a common point of comparison across 
many varieties for the purpose of understanding varietal-temperature relationships, and 
how we may predict them in the face of a changing climate. The success of adapting a 
phenological model to one constituent of berry composition (in this case sugar 
concentration) indicates that this approach could be further used for other metabolites that 
are known to be affected by current changing temperatures. As indicated by Sadras and 
Moran (2012), different compounds respond differently to elevated temperatures, and 
therefore it will be necessary to address these differences when applying temperature 
based models in the future to build up a more complex picture of metabolite changes in 
response to climate. There is also potential to further test if thermal time modelling can be 
of use in predicting the dynamic change in a metabolite over time (not just a threshold 
value) as tested for soluble solids by Sadras and Petrie (2012). Modelling individual 
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varieties could be an approach used in future studies; however, it could potentially limit 
comparisons between varieties if different varieties have different optimal models. The 
interaction with management practices also needs to be considered.  
The form of the Wang model had surprisingly no added advantage in this study, even if it 
is theoretically more realistic. Tmax had little effect on the model when calibrated daily or 
by the hourly calculation, although we cannot exclude the possibility that the temperature 
data used to calibrate this model did not allow this parameter to be fitted properly (i.e. no 
extremely high temperature values). Therefore, if elevated temperatures are having a 
repressing effect on biochemical processes it may be more appropriate to 1) understand the 
physiological limits of these effects (what temperature, how long the plant needs to be 
exposed to that temperature regime in order for it to have an impact etc) and or 2) consider 
different modelling options that incorporate threshold/accumulative durations of exposure 
to elevated temperatures rather than just using single Tmax values (hourly or daily). 
Interestingly, little change was observed for fitted Topt values in all the different parameter 
characterisation tests indicating the weight of this parameter in temperature based 
modelling of sugar concentrations is less important. 
4.6 Conclusions 
Seven different phenological models were calibrated for the DOY to reach a sugar 
concentration of 200g/L with very little difference between the efficiency and parsimony 
among models. The Sigmoid model was the most successful model for calibration but the 
GFV model and the Wang model were more efficient and parsimonious for the validation 
dataset. Both the best fit model, the Sigmoid model and the simplest efficient model, the 
GFV model, were used to classify 35 varieties for the time to reach a sugar concentration 
of 200g/L but more data are required to successfully compare the two classifications. 
Regardless, the GFV model represents a simple option for modelling different 
phenological stages of the grapevine and classifying the time of the major phenological 
stages of flowering, veraison and a target sugar concentration in grape berries for a wide 
range of varieties. 
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5.1 Abstract 
Veraison is used to describe a cascade of changes in berry composition and physiology, 
including berry softening, colour development and start of sugar accumulation. The 
relationship between alternative measures of veraison was investigated to determine 
whether a soluble solids concentration could be used as a sole measure of veraison for red 
and white varieties of Vitis vinifera L. (Pinot noir and Sauvignon blanc).  
Individual berries were assessed for softness by measuring deformability and elasticity, 
colour change and soluble solids (Brix). The percentage veraison (by softness or colour 
change) and mean soluble solids were also assessed on 30-berry samples that were crushed 
together to give one sample for measurement. In total, seven alternative measures of 
veraison were tested and compared. Depending on the veraison measure chosen, the 
soluble solids ‘at veraison’ varied from 4.7 to 9.7 Brix. When colour was used as a 
measure of veraison for Pinot noir, there was a convergence to 9.3-9.7 Brix between the 
method of scoring individual berries and taking the value for 30-berry sample 
(corresponding to 50% veraison).  
Values between 7 and 9 Brix were a satisfactory objective measurement of veraison and 
for modelling phenology, the value of 8 Brix represented the best compromise because 1) 
it represents an early time point during maturation with a value that is close to most of the 
alternative methods of measuring veraison, 2) it is a point that coincides with the start of 
the rapid increase in soluble solids and this can potentially reduce the error around its 
measurement and also simplify predictions of ripening trajectories, and 3) it is easy to 
measure using equipment readily available in wineries with little operator variation. 
Key words: colour, deformability, elasticity, softness, soluble solids, veraison 
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5.2 Introduction 
The onset of maturation (veraison) is a pivotal stage in the annual development cycle of 
the grapevine (V. vinifera L.). Softness or colour changes are common methods of 
measuring this stage, as described by the modified Eichhorn-Lorenz (E-L) phenological 
scale (Coombe 1995). However, the timing of veraison encompasses a cascade of different 
physiological, biochemical and molecular changes in berry development. One of the first 
events in this cascade involves seeds reaching maturity, where they achieve their final size 
and maximum fresh weight and are able to germinate (Adams 2006, Ristic and Iland 
2005). This event occurs 10-15 days before veraison as assessed by the conventional 
methods of softness or colour change. Subsequently berry weight increases, berries soften 
and change colour from green to translucent for white varieties, and green to red for red 
varieties. Cell walls are more easily hydrated and weaker during berry softening and 
always the phloem concurrently transports sugar and water (the sugar’s solvent) 
(Brummell 2006). Consequently, metabolites like water and sugar increase in the berry and 
storage reserves accumulate in the endosperm (Rogiers et al. 2006). These events 
correspond to the transition between the lag phase (Stage II) and the onset of Stage III of 
the dynamic double-sigmoid berry growth response (Coombe and McCarthy 2000, Ollat et 
al. 2002). It is also the point at which the berry goes from partial photosynthetic activity to 
heterotrophic metabolism (Keller 2010). This metabolic change not only relates to colour 
change, softening and increased soluble solids, but also several other metabolites 
accumulate or degrade: the onset of maturation sees the degradation of organic acids 
(malate), chlorophyll and oxidation of seed tannins (from green to yellow) (Adams 2006, 
Ristic and Iland 2005).  
Depending on the variety, veraison is usually assessed by colour change or softening, and 
both attributes have been successfully used for modelling phenology (Caffarra and Eccel 
2010, Duchêne et al. 2010, Parker et al. 2011) although they are different stages on the E-L 
scale (Stage 34: “berries begin to soften ; Brix starts increasing” and Stage 35, which 
relates to “berries begin to colour and enlarge”). Therefore, a better understanding of the 
developmental changes of the grape berry at the onset of maturation would provide a 
framework to model veraison more accurately and likewise the progression through the 
maturation phase. Previous studies investigated the developmental changes of the grape 
berry at the onset of maturation but have not defined an exact sugar or soluble solids 
concentration or range of sugar or soluble solids concentrations that corresponds to the 
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measured physiological changes like deformability (how much the diameter 
changes/deforms as a result of an applied load) or elasticity which is a measures of 
compression of a spherical object between to plates taking into account the object’s (berry) 
radius (Coombe and Bishop 1980, Coombe and Phillips 1980, Lang and During 1991, 
Thomas et al. 2008). Coombe and Bishop (1980) and Coombe and Phillips (1980) found a 
distinct sharp increase of deformability in berries at veraison. However, this dramatic 
increase has not been easily reproduced in other studies (Thomas et al. 2008); furthermore, 
even though it has been demonstrated that an increase in soluble solids occurs concurrently 
with many ‘softness’ measures (turgor, deformability and elasticity) (Thomas et al. 2008), 
a definitive relationship has not been developed. 
A better understanding of the relationship between physiological, molecular and 
biochemical markers is required to model the time of onset of maturation or rates of 
soluble solids accumulation accurately. It is unknown whether all measurements change 
synchronously. It is also unknown how consistent these relationships are between varieties.  
This paper examines whether a common relationship between the time of physiological 
berry changes with soluble solids can be established. The aim was to investigate the 
possible varietal dependence of this relationship for two varieties, Pinot noir and 
Sauvignon blanc. Different methods of assessing softness were considered. For Pinot noir, 
the relationship between colour change and soluble solids was also analyzed. If a clear 
relationship can be established between a measure corresponding to the onset of 
maturation and soluble solids, the resulting value(s) can be used to assess veraison/onset of 
maturation more objectively in future studies. 
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5.3 Materials and Methods 
5.3.1 Experimental sites 
Two experimental sites located in the Wairau valley, Marlborough, New Zealand, were 
used for this study. For the study of individual berries (Experiment 1), the vineyard was 
located at 4130’S, 17358’E for Pinot noir (clone UCD5, rootstock SO4) and 4132’S, 
17351’E for Sauvignon blanc (clone MS, rootstock R110). For the population analysis 
(Experiment 2), the vineyard was located at 4132’S, 17351’E and both varieties were 
sampled here (Sauvignon blanc, clone MS, rootstock R110 and Pinot noir, clone 777, 
rootstock 101-14MGt). 
5.3.2 Experiment 1: Investigating the onset of maturation at the berry level 
Softness assessment 
Three Sauvignon blanc vines (2011) and three Pinot noir (2012) vines were sampled (30-
berries per vine), periodically from pre-veraison until post-veraison when 100% of berries 
had gone through colour change and softness. Berries were scored for softness simply by 
gently pressing on each berry by hand. The penetrometer method similar to that outlined 
by Coombe and Bishop (1980) was used to measure deformability. Modifications were 
made as outlined in Ussahanta (1992) where the Penetrometer Model FT 327 (Effegi, 
Italy) (fruit pressure tester) reloaded with a low tension spring was attached to a digital 
calliper (Mitutoyo, Digimatic Calliper Series 500, resolution 0.01mm, Mitutoyo 
Corporation, Tokyo, Japan). Each berry was placed between the two plates of the 
penetrometer and the diameter at 60g and at 240g force was recorded. These values were 
used to calculate deformability D (Equation 5-1).  
Equation 5-1  
ܦ ൌ ൫݀௜ െ ݀௙൯ 
where ݀௜ is the initial diameter of the berry (60 g force), and ݀௙ is the diameter measured 
when the full force of the spring (240 g) is applied, and this difference is corrected for the 
force of the spring in the absence of a berry.  
Elasticity (E) (Equation 5-2) was also calculated, as outlined in Thomas et al. (2008), using 
the Hertz equation (Ravi et al. 2006), which takes into account of D (Diameter defined in 
Equation 5-2) and R on the contact area (i.e. adjusts for berry size):  
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Equation 5-2   
ܧ ൌ 3ܨሺ1 െ ݒଶሻ ሺ2ܴܦଷሻଵ/ଶ⁄   
where F is force (the difference between force at ݀௜ and force at ݀௙, 180 g or 1.765 N), v is 
Poisson’s ratio (dimensionless, assumed = 0.5), and R is the radius (mm). An exponential 
function (Equation 5-3) was fitted to the elasticity response:  
Equation 5-3  
 ݕ ൌ ܽ ൅ ܾ݁ି௞௫ 
where ܽ corresponds to the y asymptote, ݈݋݃௘݇ is the rate constant and ܾ is a constant and 
x is elasticity. 
Colour assessment 
Individual berries from each 30-berry sample were scored for colour change for Pinot noir: 
where there was any sign of red on the berry, it was counted as equivalent to be a 
‘veraised’ berry. The % of coloured berries at each time point was calculated. 
Berry composition measurements 
Soluble solids (Brix) were measured individually for each berry using an Atago Pocket 
PAL-1 Refractometer (Atago Co., Ltd, Japan).  
Berry distribution analysis 
The mid-point between each pair of normal distributions for two berry classes (green-soft 
and red-soft for Pinot noir, green-hard and green-soft for Sauvignon blanc), d, was 
calculated using the formula (Equation 5-4): 
Equation 5-4   
݀ ൌ ௫̅ೠ௦ೝା௫̅ೝ௦ೠ௦ೝା௦ೠ   
where ̅ݔ௨ is the mean of the green-hard berries, ݏ௨ is the standard deviation of green-hard 
berries, ̅ݔ௥ is the mean of green-soft berries, and ݏ௥ is the standard deviation of the green-
soft berries. The same methodology was used to find the mid-point between green-soft and 
red-soft berries (Pinot noir only), where ̅ݔ௨ is the mean of the green-soft berries, ݏ௨ is the 
standard deviation of green-soft berries, ̅ݔ௥ is the mean of red-soft berries, and ݏ௥ is the 
standard deviation of the red-soft berries.  
5.3.3 Experiment 2: The onset of maturation for a 30-berry sample 
The same scoring methodology used for individual berries was used on each berry in the 
30-berry samples that were sampled randomly across three vine bays (48 bays total per 
variety across a range of different leaf area to fruit weight ratios, therefore 48 replicates at 
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each sampling time). For each sampling time, each berry was scored for softness or colour 
change the average percentage colour change (number of colour berries/total number of 
berries x 100) for Pinot noir and average percentage softness (number of soft berries/total 
number of berries x 100) of the 30-berry sample for both varieties were calculated. 
The 30-berry samples were gently crushed by hand, coarsely filtered and soluble solids 
(Brix) (one measure per 30-berry sample from each of the 48 replicates) were measured 
using an Atago Pocket PAL-1 Refractometer (Atago Co., Ltd, Japan).  
Curve fitting softness/ colour change - soluble solids concentration 
relationships 
Logistic (Equation 5-5) and Gompertz (Equation 5-6) models where parameter ܽ was fixed 
to a value of 100 (the maximum score for veraison) were fitted for veraison development 
and the one that gave the lowest residual sum of squares (SSRes) and the highest adjusted 
R2 values was selected:  
Equation 5-5 
ݕ ൌ 100
ቆ1 ൅ ݁൬ି
ሺ௫ି௠ሻ
௕ ൰ቇ
 
 
Equation 5-6 
 ݕ ൌ 100݁ቀି௘൫ష್ሺೣష೘ሻ൯ቁ   
where ܾ corresponds to rate constant, ݉ is the inflection point on the curve, and ݔ is the 
Day Of the Year (DOY). The 10% veraison (to represent onset) and 50% veraison values 
were interpolated from the best curve fit. 
5.3.4 Statistical analysis and graphics 
Rate functions of soluble solids accumulation were analyzed by ANOVA using Genstat 
12.2 (VSN International Ltd., Hemel Hempstead, United Kingdom). The average and 
standard errors for soluble solids concentrations were calculated for each time point. Mean 
separations were determined by Fisher’s protected least significant difference (LSD) 
method at the 5% level of significance. All figures presented were plotted using Sigmaplot 
12 (Systat Software, Inc., USA). 
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5.4 Results 
5.4.1 Softness–soluble solids relationship for individual berries 
As deformability increased, so did soluble solids for both Pinot noir and Sauvignon blanc 
(Figures 5-1a and 5-2a). Similarly, elasticity decreased exponentially as soluble solids 
increased (Figure 5-1b and 5-2b). For both varieties, the scoring of green-hard, green-soft 
and red-soft berries separated out into each group along the spectrum of deformability and 
elasticity measures (Figure 5-1 and Figure 5-2). If the y-asymptote value (ܽ value of 
ݕ ൌ ܽ ൅ ܾ݁ି௞௫ function) of the elasticity response (Figure 5-1b and 5-2b) was considered 
as the threshold for soluble solids above which berries began to soften, berries with 4.9 
Brix or less (the larger of the two ܽ values for Pinot noir and Sauvignon blanc) could be 
considered as non-veraised (Table 5-1). The mid-point soluble solids value (Equation 5-4) 
between green–hard and the green-soft berry groups (7.1 Brix for Pinot noir and 6.8 Brix 
for Sauvignon blanc) were greater than the values obtained by curve fitting to the elasticity 
data (4.7 Brix and 4.9 Brix for Pinot noir and Sauvignon blanc respectively). The degree 
of error measured by refractometry was ±0.2; therefore the mid-point values and elasticity 
values could be considered equivalent between varieties.  
5.4.2 Colour change-soluble solids assessment for individual berries 
For Pinot noir, the mid-point soluble solids (Equation 5-4) between green-soft berries and 
red-soft berry groups corresponded to a soluble solids value of 9.7 Brix (2.6 Brix greater 
than softness) (Table 5-1). The mid-point soluble solids for individual berries scored as 
green-soft and red-soft (9.7 Brix) was greater than the soluble solids value corresponding 
to the 50% veraison assessment point for 30-berry samples (9.3 Brix). 
5.4.3 Softness/colour and soluble solids correlations for the 30- berry 
samples 
The Gompertz curve gave a slightly better fit (lower SSRes for combination of variety and 
method, very little difference in R2 values, Table 5-2) than the Logistic curve for the 
relationship between soluble solids and veraison as assessed by percentage soft berries or 
coloured berries (Table 5-2). The values obtained for 10% or 50% veraison from the 
Gompertz fit (Figures 5-3 and 5-4) were different by variety (Table 5-1), but within 1 
Brix of one another. The mean value by the 30-berry sample method (average across both  
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Figure 5-1 Relationship between scoring of green-hard, green-soft, red-soft grape berries and two measures of softness. a. 
deformability and b. elasticity for Pinot noir. Soluble solids were measured as Brix. 
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Figure 5-2 Relationship between scoring of green-hard, green-soft, and two measures of softness. a. deformability and b. elasticity for 
Sauvignon blanc grape berries. Soluble solids were measured as Brix. 
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Figure 5-3 Veraison scoring and soluble solids (Brix) correlations for 30-berry 
samples of Pinot noir.  
a. Relationship between percentage of soft berries in each 30-berry sample and soluble 
solids of the whole crushed sample. b. Relationship between percent of coloured berries 
(appearance of red) in each 30- berry sample and soluble solids of the whole crushed 
sample. 
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Figure 5-4 Relationship between percentage of soft berries in each 30-berry 
sample and soluble solids (measured as Brix) of the whole crushed sample for 
Sauvignon blanc grapes. 
 
Table 5-1 Summary of soluble solids for Pinot noir and Sauvignon blanc for a 
range of different veraison measures. Values are given to 1 decimal place. NA= Not 
applicable. 
Parameter 
Variety 
Average Pinot noir Sauvignon 
blanc 
y-asymptote for elasticity 4.7 4.9 4.8 
Mid-point soluble solids value 
for green-hard and green-soft 
berries 
7.1 6.8 7.0 
30 berry sample 10% veraison 
as assessed by softness score  5.6 6.3 6.0 
30 berry sample 50% veraison 
as assessed by softness score 7.9 8.4 8.1 
Mid-point  soluble solids for 
green-soft and red-soft berries 9.7 NA NA 
30 berry sample 10% veraison 
as assessed by  colour score  6.7 NA NA 
30 berry sample 50% veraison 
as assessed by colour score 9.3 NA NA 
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Table 5-2 Statistical assessment of Gompertz curve versus Logistic fit for 
veraison (%) measures of Sauvignon blanc and Pinot noir.  
% veraison was assessed by softness scores for Sauvignon blanc and Pinot noir, and also 
by colour for Pinot noir. SSRes = residual sum of squares. 
Variety 
Veraison 
assessment 
method 
Gompertz curve 
ݕ ൌ 100݁ቀି௘൫ష್ሺೣష೘ሻ൯ቁ 
Logistic curve 
ݕ ൌ 100
ቆ1 ൅ ݁൬ି
ሺ௫ି௠ሻ
௕ ൰ቇ
 
Adjusted R2 SSRes Adjusted R2 SSRes 
Pinot noir Softness 0.99 15119 0.98 20502 
Pinot noir Colour 0.99 14231 0.99 17238 
Sauvignon 
blanc Softness 0.97 31283 0.97 31346 
varieties) of 6.0 Brix that was fitted for 10% veraison (start of veraison) was a lower 
soluble solids value than that obtained using the mid-point method for individual berries 
(7.0 Brix average across the two varieties) (Table 5-1). The 50% average value for the 30-
berry sample method was conversely greater (8.1 Brix average across both varieties) than 
the 7.0 Brix value obtained by the mid-point method. For Pinot noir colour change, 
soluble solids predicted for 50% colour change from the 30-berry samples (9.3 Brix) was 
less than that obtained by the mid-point method for individual berries assessed as green-
soft and red-soft (9.7 Brix) (Table 5-1).  
5.4.4 Relating soluble solids for different veraison-measurements to soluble 
solids accumulation curves  
The most rapid change in the rate of soluble solids occurred between 5 and 8 Brix 
(interpolated from the points of Pinot noir 5.5 and 7.7 Brix for 28 and 33 DOY 
respectively; Sauvignon blanc 5.1 and 7.9 Brix for DOY 41 and 48 respectively) (Figures 
5-5a and 5-5b). The y-asymptote value for the soluble solids threshold value fitted to 
elasticity (4.8 Brix) corresponded to a value that occurred before the rapid accumulation 
phase of soluble solids measured for the 30-berry sample. The mid-point soluble solids 
that was determined for green-hard and green-soft berries groups (7 Brix) occurred during 
the most rapid soluble solids accumulation phase for both varieties, as did the soluble 
solids value fitted to 10% softness for the 30-berry sample (6 Brix). Soluble solids fitted 
to 50% softness from the 30-berry sample analysis (8.1 Brix) occurred just after this most 
rapid accumulation phase. 
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Figure 5-5 Soluble solids accumulation (Brix) of whole crush samples of 30 
berries. a. Pinot and b. Sauvignon blanc.  
The dotted line (···) corresponds to the soluble solids concentration for veraison from 
deformability measurements, the dashed line (---) corresponds to the soluble solids 
concentration from the midpoint analysis of green-hard green-soft berries, the dashed dot 
dot line (····) corresponds to the soluble solids concentration at 10% veraison (softness) 
and the solid line corresponds to the 50% veraison value measured on the 30-berry sample 
(average values). Letters correspond to differences in rates between two time points (rate 
of soluble solids accumulation/day) determined by Fisher’s protected LSD (p<0.05); LSD 
= 0.1567 for Pinot noir, LSD = 0.2435 for Sauvignon blanc. Error bars represent standard 
error of the mean for each time point. 
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5.5 Discussion 
5.5.1 Assessing softness 
The three different methods of assessing softness of individual berries (scoring by touch of 
hard or soft berries, deformability, or elasticity) showed that it was not possible to 
determine one corresponding distinct increase in soluble solids relating to any change in 
these measures. This supported the previous work by Coombe and Bishop (1980). In our 
experiments the green-hard and green-soft populations overlapped and at a berry level, the 
relationship between soluble solids and deformability was a linear continuum (Figures 5-
1a and 5-2a). Although the overlap between green-hard and green-soft berries 
corresponded to only a few berries, it suggested that deformability alone could not be 
considered a satisfactory measure to determine the onset of maturation. However, Coombe 
and Bishop (1980) tracked individual berries rather than measuring a population of berries 
on a given date (as conducted in this research) and as indicated in (Coombe 1992), 
averaging of asynchronous development could conceal a sudden increase in soluble solids. 
Importantly, the results showed that the ‘definition’ of veraison may be influenced by the 
method of assessment. The corresponding soluble solids at softness differed with respect to 
the measurement used, whether it is following individual berries through time (Coombe 
and Bishop 1980), or measuring individual berries or populations of berries, as carried out 
in this study. The threshold point at which the elasticity changed (increase of the y function 
greater than the y-asymptote value of ܽ depicted in Figures 5-1b and 5-2b) could be 
defined as the moment beyond which berries began to soften and start the maturation 
process. Assessing the mid-point between green-hard and green-soft berries for both 
varieties corresponded to higher soluble solids than by assessing elasticity. Therefore, 
although distinct green-hard and green-soft populations can be determined relatively 
accurately by simple scoring, the interpretation of this point for veraison may be later than 
when berries are starting to undergo a softening process (as indicated by the lower soluble 
solids obtained for elasticity). However, measuring deformability and elasticity are not 
practical techniques to use in a commercial setting and the simpler visual scoring still 
successfully separated berries into different categories in terms of soluble solids (green-
hard, green-soft and red-soft).  
The values obtained for scoring colour or softness of berries may be highly dependent on 
the ‘scorer’ or variety; although the berry scoring procedure was consistent with the same 
assessor in our study, the values obtained should be further verified in subsequent studies. 
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For the two varieties studied, we consider that the correlation between soluble solids and 
the softening process was consistent. Regardless, the onset of maturation/stage III of berry 
growth indicated a consistent relationship with soluble solids, a key component of berry 
composition irrespective of variety. Further studies should examine this relationship for 
other varieties. 
5.5.2 Modelling veraison and the onset of maturation 
Colour change and soluble solids have been demonstrated as surrogates for the onset of 
maturation for red varieties (Matsushima et al. 1989, Larronde et al. 1998, Gambetta et al. 
2010); the results presented here support this idea. Colour and softness can be used as 
measures of veraison for modelling varietal differences related to climate (Duchêne et al. 
2010, Parker et al. 2011). At a berry level, defining a soluble solids concentration as a 
surrogate measure for softening (as measured by deformability) poses the challenge that 
the corresponding soluble solids occurs in the initial slow stage of the soluble solids 
accumulation curve, and are less easy to measure or to fit using empirical modelling 
(Figure 5-5). The value of 4.8 Brix may be a more objective measure to assess veraison 
than using colour scoring alone and is one of the earliest points at which softening was 
detected, but it may not represent an accurate point from which to start modelling 
accumulation of soluble solids because it could potentially introduce more error depending 
on the curve fit. Therefore, for modelling veraison, colour change, softness or a reference 
soluble solids concentration can be used, but to model maturation dynamics, a more 
accurate fit may be achieved by using a later soluble solids concentration. Sadras and 
Petrie (2011b) successfully used this approach for historical data: they used 8 Baumé 
(equivalent to 14.4 Brix), which was on the linear part of the soluble solids accumulation 
curve, as a surrogate for onset of maturation and to create their maturation trajectories. 
Although practical in terms of the data sources available and that 14.4 Brix is on the 
linear part of the curve, this value as an onset of maturation actually corresponds to a 
relatively late point compared with all the other onset/veraison measures tested in our 
study (Figures 5-5). We suggest 8 Brix (based on the average value for 50% softness 
equalling 8.1 Brix) as a point from which to start soluble solids curve fitting of berry 
populations, because it is still representative of veraison and avoids discrepancies in fitting 
the initial non-linear portion (less than 8 Brix) of the start of soluble solids accumulation. 
A simple exponential curve can be used from this point to describe the remainder of the 
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maturation trajectory and it is possible with a limited number of soluble solids 
measurements to back-calculate to 8 oBrix to retrospectively estimate “veraison” date. 
However, it would be preferable to capture at least one value before 8 Brix, to fit the 
exponential curve to determine more accurately the 8 Brix start point. 
5.6 Conclusion 
Many studies use veraison as a time point by which to reference other physiological, 
biochemical and molecular changes in grapevine; however, no consistent method exists to 
measure veraison. The results presented in this research indicate that softness scoring 
remains a good indicator, but varies depending on sampling method and potentially by the 
scorer. The results also indicate that similar soluble solids concentrations could be used for 
veraison across different varieties, although more varieties would need to be tested to 
support this hypothesis. Fitting an exponential curve to soluble solids data represents a 
good method 1) to determine a measure of veraison less subjective than scoring softness or 
colour change and 2) to provide an early start point for fitting soluble solids concentration 
curves. Our research indicated that no measure can be considered more conclusive than 
another to describe veraison. Depending on whether individual berries or averages of berry 
samples are used, the values obtained as measures of veraison were variable. Veraison 
represents a cascade of different physiological, biochemical and molecular changes, the 
synchrony (or asynchrony) of which we are now starting to understand. 
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6.1 Abstract 
Crop reduction of grapevines (Vitis vinifera L.) can be achieved by different methods: 
removing apical or basal bunches on individual shoots, removing all bunches on 
alternating shoots, or removing alternating bunches (apical versus basal) from each shoot. 
It remains to be tested whether the last two methods of thinning give equivalent results to 
support the hypothesis that carbohydrate translocation can occur at the whole-vine level. 
The aim of this study was to determine if removing bunches from alternate shoots had the 
same effect on berry maturity parameters of Sauvignon blanc as removing alternating 
bunches. 
Fifty percent crop was removed shortly after fruit set using the two different methods. At 
the same time, all the shoots of four-cane Vertical Shoot Positioned (VSP) pruned vines 
were trimmed to six or 12 main leaves. Soluble solids, pH, titratable acidity and berry 
weight were measured weekly from pre-veraison to harvest. Leaf area and yield were also 
measured at harvest. 
There were no differences in fruit composition between the two methods of crop removal. 
In contrast, reducing leaf number per shoot from 12 to six leaves delayed veraison, 
reduced soluble solids accumulation and altered berry weight.  
Thinning method had no effect on soluble solids, titratable acidity, pH or berry weight, 
indicating that carbohydrates can be readily translocated from shoots with no bunches to 
those with bunches, and that shoots behaved as an integrated system rather than as 
individual shoot units. 
Keywords: carbohydrate, crop removal, maturation, Sauvignon blanc, thinning, 
translocation 
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6.2 Introduction  
Crop thinning, either mechanically or by hand, is a common practice in viticulture to help 
control target yields and to remove damaged or diseased bunches. Removal of crop can 
influence different maturity parameters at harvest. Soluble solids in berries may be 
elevated with early crop thinning post bloom/at fruit set (Reynolds et al. 1994c, Ollat and 
Gaudillere 1998, Guidoni et al. 2002, Petrie and Clingeleffer 2006). In other cases 
however, crop thinning post-bloom had little effect on soluble solids at harvest (Keller et 
al. 2005, Nuzzo and Matthews 2006). Little difference in titratable acidity or pH has been 
found in a range of crop removal studies using different cultivars or methods of selecting 
bunches for removal (Reynolds et al. 1994c, Keller et al. 2005).  
Ways to reduce bunch count by approximately 50% through differential selection (apical 
versus basal) of bunches, assuming two bunches are present on each shoot include:  
1) Removal of apical bunches  
2) Removal of basal bunches 
3) Removal of all bunches on alternating shoots whereby one shoot has all bunches 
present and the subsequent shoot no bunches  
4) Removal of alternating bunches from each shoot; the first shoot has the apical 
bunch removed, the second shoot has the basal bunch removed, and so on, or 
5) Any combination of the above (or different spatial locations for shoot choice for 3 
and 4). 
Bunch position can influence soluble solids at harvest with small differences (delays of 1-3 
days to reach target soluble solids) being measured between apical and basal bunches 
(Naylor 2001). Therefore, method 1) may appear to advance ripening by preferentially 
removing bunches that are less advanced, while method 2) selects the opposite. Because 
apical bunches are generally smaller than basal bunches, it could also be hypothesised that 
with regard to % yield removal (by weight) method 1) is likely to remove less than 50% of 
the crop (by weight), method 2) is likely to remove more than 50% and methods 3) and 4) 
are likely to remove 50%. Methods 3) and 4) test different underlying assumptions with 
regard to carbohydrate assimilation as to whether carbohydrate translocation occurs 
between shoots and to what degree.  
14C labelling experiments have indicated that transport of photosynthates basipetally from 
labelled leaves to the parent vine can occur from flowering onwards, but if a bunch was 
present on the same shoot as the labelled leaf, this was the predominant sink (Hale and 
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Weaver, 1962) indicating preferential but not necessarily exclusive sinks. Meynhardt and 
Malan (1963) showed through 14C labelling that carbohydrates can be translocated from 
leaves on a fruitless (harvested) stem to an opposite stem bearing fruit where the stems are 
substantially far apart (12.5 feet). Fournioux (1997) found that where three shoots 
completely defoliated but retaining bunches adjacent to three shoots with leaves (and no 
bunches) the resulting soluble solids were equivalent to that measured for three shoots with 
bunches present; this indicates the non fruit bearing shoots were able to translocate equally 
sugars to the fruit bearing only shoots. Intrigliolo et al. (2009) also tested whether between 
shoot translocation may occur: vines were either left with high crop or thinned to low crop; 
within each treatment two shoots were treated conversely (two shoots were thinned on the 
unthinned high crop treatments, two shoots were unthinned on the low crop thinned vines). 
For berry growth parameters and soluble solids, there were no differences between the 
high crop unthinned shoots and the high crop thinned shoots on the same vine, and 
likewise for the low crop unthinned shoots and the low crop thinned shoots. The only 
difference was that measured berry growth parameters on all shoots on the unthinned vines 
had lower values than the berry growth parameters on the shoots on the thinned vines. 
Therefore the results from these previous experiments indicate fruit growth and 
composition was influenced at the whole-vine level and the effect of crop load was more 
important than the location of bunches (sinks), relative to source leaves.  
Whole-vine carbohydrate allocation would be necessary for all bunches to achieve similar 
soluble solids at harvest by thinning method 3), but not necessary by thinning method 4). 
The objective of this study was therefore to examine whether the method of removing 
bunches by alternating shoots (method 3) versus alternating bunches (method 4) resulted in 
differences in berry maturity parameters for Sauvignon blanc. The hypothesis was: there 
would be no difference in the time of veraison, yield or maturity parameters between crop 
thinning by alternate shoots and crop thinning by alternate bunches. Veraison was assessed 
and maturity parameters that were measured were soluble solids, titratable acidity 
concentration, pH and berry weight. Yield was also compared between the two methods. 
This study did not test directly the two different assimilate hypotheses, but any differences 
in outcome between the methods would support one or the other assimilate mechanism. 
The effects were tested for four-cane VSP vines, with all main shoots reduced to six leaves 
or 12 leaves.  
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6.3 Materials and Methods 
6.3.1 Experimental site and design 
The experiment was conducted in a commercial vineyard in the Wairau valley, 
Marlborough, New Zealand (4132’S, 17351’E) during the 2010-2011 season on 
Sauvignon blanc (clone MS, rootstock R110), which was planted in 1997. Rows were 
orientated +15o from North, in a North to South direction; vines were planted 1.8 m within 
and 3.0 m between rows respectively.  
A 2 (leaf number: 12 leaves or six leaves) x 2 (thinning methodology: ‘alternate shoots’ or 
‘alternate bunches’) completely randomised design was used with four replicates per 
treatment and single vines as the experimental unit. ‘Alternate shoots’ consisted of the 
removal of all bunches on alternating shoots, where one shoot had all bunches present and 
the subsequent shoot no bunches. ‘Alternate bunches’ was achieved by removing 
alternating bunches from each shoot: the first shoot had the apical bunch removed, the 
second shoot had the basal bunch removed and so on.  
6.3.2 Vine management 
All vines were pruned to four canes with 12 nodes per cane in August 2010. The lower 
cane was 900 mm and the upper cane 1100 mm from the soil surface, respectively. The 
canopy was trained using VSP, with foliage wires used to maintain the canopy 
approximately 300 mm from face to face. Where two shoots arose from the same node, 
one was removed pre-flowering from 19-24 November 2010. General vineyard 
management (fungicide spraying, irrigation, under-vine weed control) was undertaken in 
accordance with New Zealand Sustainable Winegrowing practice 
(http://wineinf.nzwine.com/swnzabout.asp). All vines were trimmed to six or 12 main 
leaves per shoot by shoot topping and thinned on 7-8 January 2011, approximately 3.5 
weeks after 50% flowering and where berry development corresponded to stage 29-31 on 
the modified Eichhorn-Lorenz (E-L) scale (Coombe 1995). For thinning methods, it was 
assumed that there would be approximately two bunches per shoot. In the case where one 
bunch was present on the shoot, it was removed and designated as a ‘thinned’ shoot for the 
‘alternate shoots’ method, whereas it was unthinned for the ‘alternate bunches’ method. % 
crop removed was calculated from the bunch count after thinning/bunch count pre-thinning 
x 100. Lateral shoots were removed at the time of treatment application and bi-weekly 
thereafter until harvest to maintain a fixed number of main leaves on all replicates.  
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6.3.3 Phenology and berry composition measurements 
A 30-berry sample was collected bi-weekly from each vine from pre-veraison until 
harvest. Total berry weight for each 30-berry sample was measured. Veraison was 
assessed weekly for each replicate by scoring each berry as hard or soft simply by gently 
pressing on it. 
For veraison, a Logistic curve (Equation 6-1) was fitted (Genstat 12, VSN International 
Ltd., Hemel Hempstead, United Kingdom) to the softness data for each individual vine:  
Equation 6-1 
ݕ ൌ 100
ቆ1 ൅ ݁൬ି
ሺ௫ି௠ሻ
௕ ൰ቇ
 
where the value 100 corresponds to the maximum percentage for the phenological stage of  
veraison, ܾ corresponds to rate constant, ݉ is the inflection point on the curve 
(corresponding to a Day Of the Year, DOY), and ݔ is the DOY of the measurement. 
The duration of veraison was also assessed as the number of days to go from 10% to 90% 
of the stage (i.e. 10% or 90% percentage of the berries scored are soft). 
Berry samples were then crushed by hand and coarsely filtered. The following 
measurements were made on the berry juice: 
Soluble solids (%) were determined by measuring Brix using an Atago Pocket PAL-1 
Refractometer (Atago Co., Ltd, Japan). Berry sugar content (g per berry) was estimated by 
multiplying the % soluble solids by the average berry weight (g) and dividing by 100. 
Titratable acidity by endpoint titration (tartaric acid equivalents in g/L) using 0.1 M NaOH 
to pH 8.4 20 C with a Mettler Toledo DL 50 Graphix titrator (Mettler Toledo Gmbtt, 
Analytical, Switzerland). pH was measured using a Metrohm 744 pH meter (Metrohm AG, 
Switzerland). At harvest, all vines were hand harvested and yield and bunch counts per 
vine were recorded. 
6.3.4  Leaf area estimation 
All leaves of the southern half of each vine (both canes) were removed. The fresh weight 
of the whole leaf sample and the fresh weight of a 100-leaf subsample were weighed. The 
leaf area of the subsample was measured using a LiCOR 3100 leaf area meter (LI-COR, 
Inc., Lincoln, Nebraska, USA). The total leaf area defoliated (m2) (LA) was then 
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calculated from the correlation between leaf fresh weight and leaf area (Equation 6-2) and 
adjusted to give a value for LA in m2/m row where  
Equation 6-2  
ݕ ൌ 1836 ൅ 25444ݔ  
where ݕ is leaf area (cm2) and ݔ is the fresh weight of 100 leaves (g). 
6.3.5 Statistical analysis and graphics 
Results were analysed by two-way (leaf number x thinning method) ANOVA using 
Genstat 12 (VSN International Ltd., Hemel Hempstead, United Kingdom) for each 
veraison, maturity and yield parameter. Means separations were determined by Fisher’s 
least significant difference (LSD) at the 5% level of significance. Means plots presented in 
Figures were plotted using Sigmaplot 12 (Systat Software, Inc., USA). 
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6.4 Results and Discussion 
6.4.1 The influence of leaf removal method and thinning method on yield 
components and LA 
Although there was a small but significant difference for the main effect of thinning 
methods for % crop removed (p = 0.042 where thinning by ‘alternate shoots’ removed 
more bunches than thinning by the ‘alternate bunches’ method), and significant main 
effects of thinning (p = 0.035) and leaf number (p = 0.043) for bunch counts (accounting 
for 22 and 25% of the total sum of squares) respectively, harvest yields remained the same 
irrespective of thinning method or leaf number (Table 6-1). The differences in the Leaf 
Area to Fruit Weight (LA:FW) ratio were therefore the result of difference in leaf area 
only (Table 6-1) with the main effect of leaf area accounting for 67% of the total sum of 
squares (thinning method and interaction were non-significant). 
Table 6-1 Mean harvest values for % crop removed, grape bunch number, yield 
and Leaf Area to Fruit Weight (LA:FW) ratio for two-way ANOVA comparing main 
effects of leaf number and thinning method.  
Means within columns followed by different letters differ significantly from one another 
(Fisher’s unprotected LSD test, p<0.05).  
Treatment % crop removed 
Bunch 
number 
Yield 
(kg/vine) 
LA:FW 
(m2/kg) 
Six leaves, alternate shoots 43.1ab 36.3ab 5.42a 0.45a 
Six leaves, alternate bunches 40.9a 40.5b 5.63a 0.45a 
12 leaves, alternate shoots 47.6b 30.5a 5.31a 0.98b 
12 leaves, alternate bunches 40.8a 36.5ab 5.49a 0.81b 
LSD 6.07 6.65 1.73 0.28 
6.4.2 The influence of leaf area and thinning method on veraison 
The method of thinning (‘alternate bunches’ versus ‘alternate shoots’) did not change the 
time of veraison, nor its duration at a given leaf number (either six or 12 leaves) (Table 6-
2). Only leaf number had a significant effect on the time of veraison (assessed at the start, 
10%, and midpoint, 50%, of veraison p<0.05), where veraison was significantly later for 
six leaf treatments compared to the 12-leaf treatments (Table 6-2). 
6.4.3 Maturation parameters: soluble solids, titratable acidity, pH and 
average berry weight 
At all times pre-harvest and at harvest there was no difference in soluble solids 
concentration and content between the two thinning methods (‘alternate bunches’ versus 
‘alternate shoots’) at a given leaf number (Figure 6-1) although there was a significant  
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Table 6-2 Effects of leaf number and thinning method treatments on veraison 
parameters for two-way ANOVA comparing main effects of leaf number and 
thinning method.  
Means within columns followed by different letters differ significantly from one another 
(Fisher’s unprotected LSD test, p<0.05). b is the measure of the rate of development from 
the Logistic curve fit. 10% and 50% veraison correspond to the Day Of the Year (DOY) at 
which they occur determined by the Logistic curve fit. Duration (the time to go from 10% 
to 90% veraison) was interpolated from individual Logistic curve fit of each replicate.  
Treatment 
10% 
veraison 
(DOY) 
50% 
veraison 
(DOY) 
Duration 
(10%-90%) 
(days) 
b 
Six leaves, alternate shoots 52c 56b 8a 1.85a 
Six leaves, alternate bunches 48bc 54b 13a 2.92a 
12 leaves, alternate shoots 43ab 46a 7a 1.61a 
12 leaves, alternate bunches 39a 45a 13a 3.03a 
LSD 6.78 4.89 9.95 2.27 
difference in the % crop removal for the two 12-leaf treatments (Table 6-1). Leaf number 
always had a significant effect at each time point (p<0.001).  
Leaf number had a significant effect (p<0.001) at each time point on average berry weight 
(Figure 6-2). The only overlap between 12 and six leaf treatments was seen on DOY 96 
(i.e. at harvest); where there was no difference in berry weight between the six-leaf 
‘alternate shoot’ thinning treatment and the 12 leaf ‘alternate bunch’ thinning treatment. 
The 12-leaf ‘alternate shoot’ thinning treatment also resulted in significantly heavier 
berries than the 12-leaf ‘alternate bunch’ thinning treatment on one occasion, DOY 48 
(Figure 6-2). 
Leaf number had a significant effect at all time points (p<0.001) on the estimated berry 
content (g per berry) and there was no significant effect of thinning method, confirming 
the trends observed in soluble solids concentration and berry weight (Figure 6-3). 
Crop removal therefore acted at the whole-vine level for the experimental system tested 
here: there was no difference in the soluble solids as a result of carbohydrate supply for the 
‘alternate bunch’ versus ‘alternate shoot’ removal methods, even when the source was 
reduced to six leaves per shoot. The results are supported by those of Fournioux (1997) 
and Intrigliolo et al. (2009) and suggest that thinning by either methodology and 
subsequent sampling from both apical and basal bunches at harvest should produce 
equivalent results in berry maturity. A possible preference of source supply from adjacent 
leaves was not tested directly in this experiment, but the results suggested that even at a  
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Figure 6-1 Soluble solids accumulation for different leaf number and thinning 
methods. 
Shoot trimming and thinning were undertaken on Day of the Year (DOY) 7-8. Vertical 
bars at each time point represent values for Fisher’s unprotected LSD (p<0.05).  
 
 
Figure 6-2 Change in average berry weight (g) for different leaf number and 
thinning methods. 
Shoot trimming and thinning were undertaken on Day Of the Year (DOY) 7-8. Vertical 
bars at each time point represent values for Fisher’s unprotected LSD (p<0.05). 
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Figure 6-3 Change in berry sugar content (g per berry) for different leaf number 
and thinning methods.  
Shoot trimming and thinning were undertaken on Day Of the Year (DOY) 7-8. Vertical 
bars at each time point represent values for Fisher’s unprotected LSD (p<0.05).  
reduced source of six main leaves per shoot, the whole vine was able to compensate and 
maintain a constant soluble solids in bunches irrespective of the source of carbohydrates. 
Intrigliolo et al. (2009) did not test whether there was a potential threshold source size or 
activity below which adjacent shoots would not be able to compensate for the lack of 
source present on a shoot with bunches. Fournioux (1997) tested to a similar lower limit of 
six leaves per shoot; three shoots each with one bunch only adjacent to three shoots with 
six leaves and no bunches had the same level of sugar and acidity as three shoots with both 
six leaves and a bunch present on each. This indicates that adjacent shoots were able to 
compensate for fully defoliated shoots but it remains unclear whether under even more 
source-limited conditions there could be a preferential carbohydrate supply mechanism.  
However, trimming to six leaves per shoot represents a severely reduced canopy, and it is 
unlikely that industry trimming practices would go beyond this. 
For titratable acidity, there were no differences in concentration among any treatments at 
any time points, with the following exceptions: 1) on DOY 33 and DOY 76, the acid 
concentration in berries from six leaf ‘alternate bunches’ was significantly different 
(p<0.05) from that of berries from 12 leaf shoots and either thinning methods (all other  
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means comparisons were non-significant); and 2) on DOY 62 leaf number had a 
significant (p<0.001) effect (Figure 6-4). The differences observed on DOY 62 suggest 
that small differences due to leaf number may be detected during the maturation phase, 
with berries from lower leaf number shoots having slightly higher titratable acidity. Only a 
few differences were detected for pH: leaf number had a significant effect at all time points 
(including harvest) except DOY 76, with six-leaf treatments resulting in slightly higher pH 
values; however, there was overlap where 12 leaf and six leaf thinning by ‘alternate 
bunches’ method produced equivalent values. On DOY 91, six-leaf thinning by ‘alternate 
bunches’ was the only statistically different treatment, but this difference disappeared by 
DOY 96 (Figure 6-5).  
6.4.4 Practical implications of different methods of crop thinning 
The relative advantages and disadvantages of keeping both apical and basal bunches need 
to be considered in practice when carrying out any crop thinning. The two methodologies 
tested here meant that equivalent quantities of both apical and basal bunches were 
removed. Thinning by the ‘alternate shoots’ method has the practical advantages that it 
does not require a choice between apical and basal bunch removal and is 1) easy to instruct 
to those thinning vines and 2) it easily controls the % removal (for example one in two 
shoots thinning for 50%, one in four shoots thinned for 25%). It thus provides more 
control in experimentation over the percentage and positions of bunches present, 
ultimately removing a representative distribution of bunches from the vine.  
In terms of mechanising crop removal, it may be easier to target thinning to a set height 
within the canopy to remove crop, and this could potentially lead to selective removal of 
apical or basal bunches, depending on the targeted height. Therefore, these factors require 
further investigation in terms of a better understanding of the underlying physiology 
driving differences in grape and wine quality, and the practical applications of such 
findings. 
6.5 Conclusion 
Reducing crop by removing all bunches from alternate shoots or from removing 
alternating bunches from each shoot had the same effect on fruit composition (no 
differences between treatments at the same time point). This supports the hypothesis that 
carbohydrate supply from source leaves to bunches (sinks) acts at the whole-vine rather  
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Figure 6-4 Change in titratable acidity (g/L) for different leaf number and 
thinning methods. 
Shoot trimming and thinning were undertaken on Day of the Year (DOY) 7-8. Vertical 
bars at each time point represent values for Fisher’s unprotected LSD (p<0.05).  
 
 
Figure 6-5 Change in pH for different leaf number and thinning methods. 
Shoot trimming and thinning were undertaken on Day of the Year (DOY) 7-8. Vertical 
bars at each time point represent values for Fisher’s unprotected LSD (p<0.05).  
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than at an individual shoot level. Crop thinning through the removal of bunches from 
alternate shoots presents a more controlled practice to manipulate source-sink ratios for 
experimental purposes, when avoiding selection of different bunch positions is desirable. 
This method also offers a practical solution for better control percentages of bunch 
removal.  
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7.1 Abstract 
Background and Aims: How carbohydrate source-sink ratios interact with the phenology 
and berry composition of different grapevine Vitis vinifera L. varieties was studied to: 1) 
determine how changing the Leaf Area to Fruit Weight (LA:FW) ratio shortly after fruit 
set alters the timing of veraison for Sauvignon blanc and Pinot noir; 2) establish the 
relative importance of adjusting the vine yield or the leaf area; and 3) evaluate the relative 
responses of the two varieties at similar LA:FW ratios. 
Methods and Results: Four cane Vertical Shoot Positioned (VSP) trained vines were 
trimmed shortly after fruit set to retain six or twelve leaves per shoot and thinned removing 
0, 50 or 75% of the bunches. Veraison was assessed by: colour change for Pinot noir, berry 
softness for Sauvignon blanc and the day at which 8 Brix was reached for both varieties. 
Manipulating leaf area had a greater effect on veraison date than crop removal, which had 
no effect, except when vines were trimmed to six leaves.  
Conclusions: Restricting potential carbohydrate sources post-flowering delayed veraison, 
while removing crop had less influence.  
Significance of study: Reducing the leaf area represents a potential tool to delay 
grapevine development during the season and could be used to counteract warmer than 
average seasons and impacts from climate change and conversely to reach target soluble 
solids in cooler seasons. 
 Keywords: crop removal, delay, leaf number, phenology, veraison, variety  
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7.2 Introduction 
Understanding the influence of canopy management practices that manipulate the LA:FW 
ratio on the development cycle of the grapevine is important to ensure a target berry 
composition is achieved at harvest for each individual variety. A change to this ratio alters 
the carbohydrate source-sink partitioning of the vine. Published research has generally 
focused on berry composition at harvest rather than investigating the effect of the LA:FW 
ratio on the timing or rates of phenological development and or rates of change for various 
metabolites during the maturation phase (sugars/soluble solids, titratable acidity, pH, 
flavour and aroma compounds). The relative effects of changing the different components 
of the LA:FW ratio have provided different and often conflicting results. Kliewer and 
Dokoozlian (2005) suggested 0.8-1.2 m2/kg as an appropriate target LA:FW ratio. 
Practically, this can be achieved by the use of different training systems (Peterlunger et al. 
2002, Wolf et al. 2003, Vanden Heuvel et al. 2004, Kliewer and Dokoozlian 2005), shoot 
thinning (Naor et al. 2002, Reynolds et al. 1994a, Reynolds et al. 1994b) leaf removal via 
summer pruning/trimming (Reynolds and Wardle 1989a, Petrie et al. 2000a, Kliewer and 
Dokoozlian 2005, Poni et al. 2009, Stoll et al. 2011), crop removal (Petrie et al. 2000b, 
Kliewer and Dokoozlian 2005, Nuzzo and Matthews 2006, Petrie and Clingeleffer 2006) 
and removal of leaves in the fruiting zone of the canopy (Kliewer 1970, Kliewer and Lider 
1970, Hunter and Visser 1990a, Guidoni et al. 2008). The last-mentioned approach has 
also been used with the objective of improving the microclimate around the fruiting zone, 
primarily by increasing aeration and improving fruit exposure, potentially reducing disease 
pressure (Guidoni et al. 2008, Hunter and Visser 1990b).  
Post-flowering there is potential competition between vegetative and reproductive growth 
when resources are limited and required for both processes; therefore, LA:FW ratio 
manipulations can influence the extent of this competition. Removal of leaves has been 
shown to increase lateral shoot production (Kliewer and Antcliff 1970, Hunter and Visser 
1990b, Poni and Giachino 2000), increase the photosynthetic activity per unit leaf area of 
remaining leaves (Hunter and Visser 1988, Hunter and Visser 1990b, Candolfi-
Vasconcelos and Koblet 1991, Petrie et al. 2003) and likewise shoot topping increased 
photosynthetic activity (Petrie et al. 2003). Crop removal has little immediate influence on 
photosynthetic rates and stomatal conductance (Petrie et al. 2000c), but over time, 
photosynthetic rates can decline (Edson et al. 1995, Petrie et al. 2000c), indicating that 
sink manipulations may also regulate source activity.  
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Shoot trimming post bloom (Poni and Giachino 2000) or leaf removal (Ollat and 
Gaudillere 1998, Petrie et al. 2000a) on potted vines can delay the onset of maturation 
(measured by berry growth or colour change). Stoll et al. (2011) reported that the rate of 
soluble solids accumulation in berries decreased with trimming but did not consider 
whether the start of the maturation trajectory was altered. In contrast, several studies 
demonstrated that similar rates of sugar accumulation occur at different LA:FW ratios, 
even when different soluble solids were achieved at harvest (Wolf et al. 2003, Nuzzo and 
Matthews 2006, Petrie and Clingeleffer 2006). This indicates that changes observed at 
harvest must have been a result of a change at the onset of maturation. Removal of 
bunches has provided conflicting results, from no effect (Keller et al. 2005, where fruit 
were removed from shoots not arising from nodes one month post bloom and at veraison), 
to a small effect of pre- bloom thinning only under high shoot density situations (Naor et 
al. 2002), to an effect detected in other studies on post bloom/post-fruit set removal 
(Guidoni et al. 2002, Nuzzo and Matthews 2006, Petrie and Clingeleffer 2006). It remains 
unclear from the published literature the extent to which altering the LA:FW ratio is 
changing the time of veraison, the rate of soluble solids accumulation or a combination of 
the two; quantifying this may also be dependent on site and season and the timing of the 
LA:FW ratio manipulation. The potential delay of veraison and therefore the start of the 
maturation period are often ignored and have not been quantified across a wide range of 
LA:FW ratios, nor have trimming versus crop removal been assessed for their relative 
importance on potentially changing the time of the veraison. Recent research by Sadras 
and Petrie (2011a,b) using historical data indicated that earlier fruit maturity associated 
with increased temperatures was best explained by a change of onset of maturation rather 
than by the rate of soluble solids accumulation. They found little influence of changing the 
LA:FW ratio on the time of veraison within the dataset used, but this was not explored 
experimentally.  
The objective of this paper was to assess the extent to which manipulating source-sink 
relations, by changing the LA:FW ratio post fruit set, influences the time of veraison for 
two grapevine varieties: Sauvignon blanc and Pinot noir. This work addressed the question 
whether leaf removal or crop removal had a greater effect on veraison. It was hypothesized 
that reducing the LA:FW ratio would delay veraison.  
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7.3 Methods 
7.3.1 Experimental site 
The experiment was conducted in a commercial vineyard in the Wairau valley, 
Marlborough, New Zealand (4132’S, 17351’E). Two adjacent rows of the V. vinifera L. 
varieties Sauvignon blanc (clone MS, rootstock R110) and Pinot noir (clone 777, rootstock 
101-14MGt) were used in this trial for 2009-2010, and the adjacent rows were used for 
each variety in 2010-2011. Both varieties were of similar age (Sauvignon blanc was 
planted in 1997, Pinot noir in 1998). Rows were orientated +15o from North, in a North to 
South direction; vines were planted 1.8 m within and 3.0 m between rows respectively.  
7.3.2 Experimental design 
In 2009-2010, a 2 (variety) x 3 (crop removal) x 2 (main leaf number per shoot) block 
design, randomised within the variety, was used with four blocks (four replicates per 
treatment per variety) that were designated by trunk circumference size taken as the 
average of the circumference 10 cm below the head of the vine and 10 cm above ground 
level. Each replicate corresponded to one vineyard bay consisting of three adjacent vines. 
A 3 (crop removal) x 2 (main leaf number per shoot) factorial experiment was conducted 
on each variety at each time point. The LA:FW ratio treatments were adjusted on whole 
vines in six ways: 1) 12 main leaves per shoot, 100% crop retained on the vine; 2) 12 main 
leaves per shoot, 50% of the crop removed; 3) 12 main leaves per shoot and 75% of the 
crop removed; 4) six main leaves per shoot and 100% crop retained on the vine; 5) six 
main leaves per shoot and 50% of the crop removed and 6) six main leaves per shoot and 
75% of the crop removed.  
In 2010-2011, a 2 (variety) x 2 (crop removal) x 2 (main leaf number per shoot) block 
design, randomised within each variety, was used with two blocks (two replicates per 
treatment per variety in each block) that were designated by trunk circumference size taken 
as the average of the circumference 10 cm below the head of the vine and 10 cm above 
ground level. Treatments 1) 2) 4) and 5) of the 2009-10 experiment were repeated in 2010-
2011 to confirm trends observed in that season. For individual time points, a 2 (crop 
removal) x 2 (leaf number per shoot) (2010-2011) factorial experiment were conducted on 
each variety. Equivalent ratios (ratio of leaf number:proportion of crop left) were 
treatments with the same ratio values and are outlined in Table 7-1. 
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Table 7-1 Experimental treatments and corresponding ratios.  
Equivalent ratios (ratio of leaf number:proportion of crop left) are treatments with same 
ratio values. 
Main leaf number 
per shoot 
Crop removal Ratio of leaf number: 
proportion of crop left 
Ratio value 
6 0 6:1 6 
 50 6:0.5 12 
 75 6:0.75 24 
12 0 12:0.1 12 
 50 12:0.5 24 
 75 12:0.25 48 
7.3.3 Vine management 
All vines were pruned to four canes with 12 nodes per cane (July 2009 and August 2010). 
The lower cane was 900 mm and the upper cane 1100 mm from the soil surface, 
respectively. The canopy was trained using VSP, with foliage wires used to maintain the 
canopy approximately 300 mm from face to face. Secondary shoots (shoots growing from 
secondary buds on the node or quiescent buds) were removed pre-flowering (10-11 
November 2009, 19-24 November 2010). General vineyard management (fungicide 
spraying, irrigation, under-vine weed control) was undertaken in accordance with New 
Zealand Sustainable Winegrowing practice (http://wineinf.nzwine.com/swnzabout.asp). 
Leaf and crop removal treatments were applied shortly after fruit set, approximately 3.5 
weeks after flowering, corresponding to stage 31 on the modified Eichhorn-Lorenz (E-L) 
developmental scale (Coombe 1995) (Table 7-2). All the shoots on the vines were 
trimmed, leaving 12 or six main leaves. Lateral shoots were removed at the time of 
treatment application and bi-weekly thereafter until harvest, to maintain a fixed number of 
main leaves on all replicates. 
For 50% crop removal, all bunches (apical and basal) were removed on alternate shoots 
along the cane. Similarly, 75% crop removal removed all bunches from three of every four 
shoots along the cane. Where no bunches were present on a shoot, this shoot was 
considered to have been ‘crop thinned’ and subsequent shoots were adjusted for this. The 
50% and 75% treatments also had bunches removed from non-count shoots (shoots 
growing from the head of the vine rather than the cane).  
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Table 7-2 Date and Day Of the Year (DOY, in parentheses) for budburst and 
flowering dates for Pinot noir and Sauvignon blanc in the 2009-2010 and 2010-2011 
seasons.  
Values interpolated from mean curve fits for six vines for each variety/season. The curve 
that gave the lowest residual sum of squares was used: Gompertz curves were fitted for 
budburst and Logistic curves were fitted for flowering.  
Variety/Season Pinot noir Sauvignon blanc 2009-2010 2010-2011 2009-2010 2010-2011 
Date (DOY†)      
50% Budburst 3 October 
 (276)  
5 October  
(278) 
14 October 
(287) 
8 October  
(281) 
50% Flowering 13 December 
(347) 
4 December 
(338) 
22 December 
(356) 
9 December 
(343) 
Duration (days)     
Budburst 24.5 10.8 11.7 9.9 
Flowering 8.8 9.7 9.2 8.1 
Date of leaf 
area to fruit 
weight 
manipulations  
5 January  
(5) 
29 December 
(363) 
14 January 
(14) 
5 January  
(5) 
Days after 
flowering  
23 25 23 27 
Berry size 
(mm) 
6.64 7.73 6.25  8.37 
7.3.4 Phenology assessment and berry composition measurements 
Budburst, flowering and berry size were monitored by visual scoring of the percentage 
change on six vines and at four nodes per vine distributed along the row for each variety; 
budburst was defined as stage 4 (green tip), and flowering as stage 23 (full bloom, 50% 
caps off) on the modified E-L scale. Average berry size was measured and used to 
determine fruit set and pea size stages (fruit set starts at stage 27 berries enlarging > 2 mm 
and continues to stage 29, berries 4 mm; pea size corresponds to stage 31, 7 mm diameter), 
where treatments were applied shortly after fruit set when berries were pea sized and 
bunch closure began (Table 7-2).  
Two nodes per upper and lower cane were tagged and the percentage budburst and 
flowering (cap fall) at each position assessed through the phenological phase. Where there 
was a 'blind' bud or a vestigial shoot in the case of flowering and fruit set assessment (less 
than three leaves), this was excluded from assessment and replaced by the adjacent node 
position (N+1) assessment. Where N+1 was also a 'blind' bud or vestigial shoot, N-1 was 
used.  
Veraison was assessed by three methods: 
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1) The percentage colour change of Pinot noir vines on bunches on the four tagged shoots 
(with two bunches per shoot) was assessed twice per week on each plot. 
2) A 30-berry sample was collected weekly across the three vines in each replicate for 
Sauvignon blanc and the berries were scored as hard or soft simply by gently pressing on 
each berry. 
3) Using the 30-berry sample collected for method two, juice was extracted by hand 
crushing and coarsely filtered to measure soluble solids using an Atago Pocket PAL-1 
Refractometer (Atago Co., Ltd, Japan). A threshold soluble solids concentration of 8 Brix 
was used as an alternate measure of veraison and either interpolated/extrapolated from 
soluble solids accumulation data. 
The duration of flowering and veraison was also assessed as the number of days to go from 
10% to 90% of the stage (for veraison this was estimated by assessment methods 1) and 2). 
Berry weight for each 30-berry sample was measured before crushing the sample for 
soluble solids analysis. 
7.3.5 Leaf area estimation and harvest measures 
All leaves between the trunk of the second vine and the trunk of third vine of each 
replicate were removed at harvest. The fresh weight of the whole leaf sample and the fresh 
weight of a 100-leaf subsample were measured. Leaf area of the subsample was measured 
using a LiCOR 3100 leaf area meter (LI-COR Inc., Lincoln, Nebraska, USA). For both 
varieties, the total leaf area defoliated (m2) was then calculated from the correlation 
between leaf fresh weight and leaf area (see Appendix II for details on determining 
Equation 7-1 and 7-2) and adjusted to give a value for leaf area in m2/m row where: 
Equation 7-1 (2009-2010) 
ݕ ൌ 2574 ൅ 21290ݔ 
& 
Equation 7-2 (2010-2011) 
ݕ ൌ 1836 ൅ 25444ݔ 
where ݕ is leaf area (cm2) and ݔ is the fresh weight of 100 leaves (g). 
At harvest, all replicates were hand harvested; fruit weight and bunch number per replicate 
were recorded. The average number of berries per bunch was calculated from the average 
bunch weight and average berry weight. 
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7.3.6 Modelling and statistical analysis 
Logistic (Equation 7-3) and Gompertz (Equation 7-4) models were fitted using maximum 
likelihood estimation with an exponential distribution for budburst, flowering and veraison 
development: 
Equation 7-3 
ݕ ൌ 100ሺ1 ൅ ݁ሺି௕ሺ௫ି௠ሻሻሻ 
Equation 7-4 
ݕ ൌ 100݁ቀି௘൫ష್ሺೣష೘ሻ൯ቁ  
where the value 100 corresponds to the maximum percentage for any phenological stage, b 
corresponds to the rate constant, m is the inflection point on the curve, and x is the Day Of 
the Year (DOY). Lowest total residual sum of squares (the sum of all residual sum of 
squares for each replicate fitted with a chosen curve) were used as criteria of best curve fit.  
For soluble solids accumulation, data above 5 Brix were fitted (corresponding to the start 
of rapid soluble solids accumulation) using the three-parameter exponential growth 
function (Equation 7-5, also known as the monomolecular equation), and 8 Brix was 
subsequently interpolated/extrapolated from the fit: 
Equation 7-5 
ݕ ൌ ܽ ൅ ܾݎ௫  
where a is the y asymptote, b<0 and 0<r<1 and x is DOY. Results were analysed by 
ANOVA using Genstat 12 (VSN International Ltd., Hemel Hempstead, United Kingdom). 
Means separations were determined by the Fisher’s unprotected Least Significant 
Difference (LSD) method at the 5% level of significance.  
Model fitting for model choice, parameter definition and 8 Brix interpolations were 
completed using Genstat 12 (VSN International Ltd., Hemel Hempstead, United 
Kingdom). Means plots presented in figures were plotted using Sigmaplot 12 (Systat 
Software Inc., USA). 
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7.4 Results 
7.4.1 Gompertz and Logistic curve fitting to phenological development 
The Gompertz function gave the best fit as assessed by total residual sum of squares for 
budburst, whereas the Logistic function gave the best fit for flowering (Table 7-3). The 
Gompertz also provided a better fit for veraison (Table 7-3); the best fit curves were used 
for interpolation of % values, rates and durations. 
Table 7-3 Total residual sum of squares values for all individual plots fitted with 
Gompertz and Logistic curves fits for budburst, flowering and veraison.  
n corresponds to the number of plots used for each stage. 
  Gompertz Logistic 
 n Pinot 
noir 
Sauvignon 
blanc 
Combined 
value 
Pinot 
noir 
Sauvignon 
blanc 
Combined 
value 
Budburst        
2009-2010 6 526 92 618 572 71 643 
2010-2011 6 10 8 18 65 40 105 
Flowering        
2009-2010 6 30 64 94 106 9 115 
2010-2011 6 34 62 96 3 16 19 
Veraison        
2009-2010 24 2164 3364 5528 3851 2263 6115 
2010-2011 16 3364 2534 5899 5113 2895 8008 
 
7.4.2 Treatment timing and percentage crop removal 
Budburst (as interpolated as 50% average value of the Gompertz curve fits) occurred at a 
similar time for Pinot noir in both seasons, but it was earlier in 2010-2011 for Sauvignon 
blanc (Table 7-2). Flowering (as interpolated as 50% average value of the Logistic curve 
fits) occurred later in 2009-2010 for both varieties. Compared with the full crop 
treatments, the measured percentage crop removal achieved by the 50% removal 
treatments was slightly higher than the targets in both seasons, with the exception of the 
six-leaf and 50% crop removal treatment, in which the crop removal was lower (47%) in 
2010 for Pinot noir (Table 7-4). The 50% crop removal treatments also resulted in 
approximately half the bunch number of the full crop treatment, but the 75% crop removal 
treatments only reduced the bunch number by about two thirds compared with numbers on 
unthinned vines (Table 7-4). 
131 
 
Table 7-4 Percentage crop removal achieved for Sauvignon blanc and Pinot noir 
in the 2009-2010 and 2010-2011 seasons.  
Values were calculated by dividing the mean yield measured at harvest of 50% of 75% 
crop removal treatments by the mean yield of each three vine replicate at the same leaf 
number for each variety.  
Variety 
Main leaf 
number per 
shoot 
Target fruit 
weight 
(% removal) 
Actual % fruit weight 
removed when measured at 
harvest 
2009-2010 2010-2011 
Pinot noir 6 50 47 50 
75 60 - 
12 50 52 64 
75 67 - 
Sauvignon blanc 6 50 56 58 
75 69 - 
12 50 54 57 
75 70 - 
7.4.3 The influence of cultivar, main leaf number per shoot and crop 
removal on yield and leaf parameters 
Sauvignon blanc berries were significantly heavier than those of Pinot noir in both seasons 
(Tables 7-5 and 7-6). Crop removal had no effect on the berry weight of either variety 
(p>0.05 for main effect of crop removal). For leaf removal treatments, Sauvignon blanc 
vines with 12 leaves had heavier berries than those treatments with six leaves (in both 
seasons). In contrast, leaf number had no significant effect on Pinot noir berry weight 
(Tables 7-5 and 7-6). 
Bunch weights were not significantly different between most treatments in 2009-2010; the 
differences observed were not consistent for trends of decreased leaf area, crop removal or 
differences between varieties (Table 7-5). In 2010-2011, Sauvignon blanc with 12 leaves 
had significantly heavier bunches than Pinot noir with six leaves (Table 7-6).  
In both seasons, for each treatment there was no difference in yield between varieties 
(Tables 7-5 and 7-6). Yield was significantly reduced by crop removal (50% or 75%) 
compared with yield from unthinned vines, with no effect of leaf area in both seasons for 
both varieties (Tables 7-5 and 7-6).  
In both seasons, trimming resulted in a significant difference in leaf area, where the six-
leaf treatments had approximately half the leaf area of the 12-leaf treatments (Tables 7-5 
and 7-6). There was no difference in 12-leaf treatments between varieties, or six-leaf 
treatments between varieties (Tables 7-5 and 7-6).  
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Table 7-5 Effect of variety, main leaf number per shoot and crop removal on grapevine yield and leaf parameters for 2009-2010. 
Crop removal corresponds to the amount removed relative to non-thinned vines (0% crop removal). Main leaf number refers to the number of 
the leaves to which each shoot was topped. Ratio values correspond to leaf number:proportion of crop remaining. Means within columns 
followed by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test.  
Variety 
Main 
leaf 
number 
per 
shoot 
Crop 
removal 
(% 
removal) 
Ratio 
value Bunches/vine
Average 
berry 
weight 
(g) 
Average 
bunch 
weight (g)
Berries 
per 
bunch† 
Yield 
(kg/m2) 
Leaf 
area 
(m2/m) 
LA:FW‡ 
(m2/kg) 
Pinot noir 6 0 6 68c 1.47ab 112.5bcde 77c 4.10f 1.18a 0.29a 
  50 12 38b 1.46ab 94.1a 65ab 1.93bcde 1.03a 0.54ab 
  75 24 23a 1.53abc 94.3a 62a 1.16a 1.10a 0.98bc 
 12 0 12 69c 1.66c 106.1abcd 64ab 3.82f 1.72b 0.45a 
  50 24 35b 1.42a 104.6abc 74bc 1.98cde 1.94bc 0.99cd 
  75 48 24a 1.58bc 101.1ab 64ab 1.34ab 2.33d 1.85e 
Sauvignon blanc 6 0 6 67c 1.86d 116.4bcde 63a 3.97f 1.08a 0.27a 
  50 12 38b 1.86d 116.1bcde 62a 2.24de 1.18a 0.54ab 
  75 24 24a 1.88d 122.9de 65ab 1.54abc 1.23a 0.80bc 
 12 0 12 72c 2.04e 118.7cde 58a 4.34f 2.13cd 0.51a 
  50 24 36b 2.09e 123.2e 59a 2.34e 2.35d 1.06cd 
  75 48 25a 2.10e 123.1e 59a 1.64abcd 2.04c 1.24d 
LSD    6.22 0.156 16.9 10.8 0.610 0.274 0.277 
†Calculated from the average berry weight measured for the 30-berry subsample taken at harvest and the yield at harvest. 
‡LA:FW = Leaf Area to Fruit Weight ratio.
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Table 7-6 Effect of variety, main leaf number per shoot and crop removal on grapevine yield and leaf parameters for 2010-2011. 
Crop removal corresponds to the amount removed relative to non-thinned vines (0% crop removal). Main leaf number refers to the number of 
leaves to which each shoot was topped. Ratio values correspond to leaf number:proportion of crop remaining. Means within columns followed 
by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test.  
Variety 
Main 
leaf 
number 
per 
shoot 
Crop 
removal 
(% 
removal) 
Ratio 
value Bunches/vine
Average 
berry 
weight 
(g) 
Average 
bunch 
weight 
(g) 
Berries 
per 
bunch† 
Yield 
(kg/m2) 
Leaf 
area 
(m2/m) 
LA: 
FW‡ 
(m2/kg) 
Pinot noir 6 0 6 67b 1.57a 126.3ab 81 5.65b 1.19a 0.277a 
  50 12 36a 1.57a 119.5a 77 2.84a 1.11a 0.398bc 
 12 0 12 66b 1.70a 139.7bc 82 5.96b 2.39b 0.404bc 
  50 24 38a 1.73a 139.8bc 81 3.82a 2.66bc 0.719d 
Sauvignon blanc 6 0 6 68b 1.94b 143.3bc 74 5.21b 1.27a 0.252ab 
  50 12 39a 1.91b 153.1cd 81 3.04a 1.45a 0.486c 
 12 0 12 68b 2.23c 166.5d 75 5.97b 2.72bc 0.458c 
  50 24 40a 2.16c 159.4cd 74 3.38a 2.99c 0.910e 
LSD    8.49 0.169 19.7 13.4 1.049 0.383 0.179 
† Calculated from the average berry weight measured for the 30-berry subsample taken at harvest and the yield at harvest. 
‡ LA:FW = Leaf Area to Fruit Weight ratio. 
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Equivalent ratios (ratio value) had the same LA:FW ratio when considering each variety 
independently (Tables 7-5 and 7-6) for both seasons. In 2010-2011, the six-leaves full-crop 
treatments had significantly lower LA:FW ratio than the 12-leaves full-crop treatments for 
both varieties (Table 7-5).  
7.4.4 The influence of LA:FW on veraison for Pinot noir 
Leaf number and crop removal were both significant main effects for 10% and 50% 
veraison for both seasons; however, leaf number had a predominant influence on the times 
of 10% and 50% veraison (larger % total sum of squares for ANOVA) (Table 7-7). Leaf 
number was also a more important main effect than crop removal on duration and the slope 
(parameter b) of veraison development (with the exception of 2009-2010 Pinot noir) 
(Table 7-7).  
In 2009-2010, comparisons of means indicated that vines with six leaves per shoot were 
significantly delayed (two and four days later) for the time to reach 10% veraison 
compared with those with 12 leaves (Table 7-8). Altering the LA:FW ratio by different 
means (leaf removal versus crop removal) did not result in the same timing of 10% 
veraison; the equivalent ratios of six-leaves 50% crop removal and 12-leaves 0% crop 
removal had similar effects (DOY for 10% veraison was 47 and 45 days respectively), but 
12-leaves 50% crop removal resulted in earlier (four days) 10% veraison than six-leaves 
75% crop removal. Overall, the delay due to reduced leaf number that was seen for 10% 
veraison was maintained through to 50% veraison, but equivalent ratios had the same 
timing of 50% veraison (Table 7-8).  
For 2010-2011, the results from means comparisons supported the findings of 2009-2010 
season; however in 2010-2011, 50% crop removal in combination with six leaves 
advanced veraison to the same time as the 12-leaf full crop treatment, with both treatments 
reaching 10% veraison on 3 February (Table 7-8).  
The six-leaf full crop treatment was the only treatment where the duration (time from 10% 
to 90% veraison) was significantly increased compared with times in all other treatments 
in 2009-2010; in 2010-2011, the 12-leaf 50% crop treatment resulted in the shortest 
duration of all treatments, significantly different from those of the six-leaves full crop 
treatment and six-leaves 50% crop removal treatment. Amongst the other treatments, 
although there were no differences in the duration of veraison in 2009-2010 and only small 
differences in 2010-2011, the duration and shape of the curves defined by the rate constant  
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Table 7-7 % Percentage of total sum of squares for treatment effects on veraison parameters assessed by ANOVA for Pinot noir.  
Values correspond to % of total sum of squares; *, **, and *** indicate significance at p<0.05, p<0.01 and p< 0.001. Interaction = leaf number x 
crop removal. Duration of veraison was assessed as the number of days to go from 10% to 90% veraison. Values are given to 2 significant 
figures.  
Treatment 
effects 
10% veraison 50% veraison Duration (10%-90% veraison) 
b (slope of development at 
50% veraison) 
2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 
Leaf number 44*** 24* 42*** 42*** 24** 41** 30** 48*** 
Crop removal 16**  26* 20** 29** 21* 13 19** 15** 
Interaction 9.1* 7.8 7.0 2.3 7.3 0.63 6.5 0.01 
 
Table 7-8 Means comparisons for time and duration of veraison (from in-field colour change observations) for Pinot noir. 
10% and 50% veraison correspond to the date and Day Of the Year (DOY) at which they occur in parentheses (where 1 January = day one), 
duration is the time to go from 10% veraison to 90% veraison in days); both were interpolated from individual Gompertz curve fits of each 
replicate where	ݕ ൌ 100݁ቀି௘൫ష್ሺೣష೘ሻ൯ቁ. b is a measure of the rate of development from the Gompertz curve fit. Main leaf number refers to the 
main leaf number per shoot; crop removal refers to the % crop removal, ratio values correspond to leaf number: proportion of crop remaining. 
Means within columns followed by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test.  
 
Main 
leaf 
number 
Crop 
removal
Ratio 
value 
10% veraison 50% veraison 
Duration 
(10%-90% veraison, 
days) 
b (slope of 
development at 50% 
veraison) 
2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 
6 0 6 20 Febd (51)  9 Febb (40) 27 Febc (58) 19 Febc (50) 18.2b 26.1b 0.186a 0.122a 
 50 12 19 Febc (50)  3 Feba (34) 21 Febb (52) 12 Febb (43) 11.4a 22.3b 0.276ab 0.145ab 
 75 24 19 Febcd (50)  21 Febb (52) - 11.9a - 0.273ab - 
12 0 12 17 Febbc (48) 3 Feba (34) 18 Febb (49) 10 Febab (41) 10.7a 18.6ab  0.312b 0.180b 
 50 24 15 Feba (46) 2 Feba (33) 16 Febab (47) 6 Feba (37) 10.0a 12.6a 0.320b 0.247c 
 75 48 17 Febabc (48) - 17 Febab (48) - 7.3a - 0.443c - 
LSD  2.12 4.50 3.78 5.04 5.63 7.78 0.112 0.051 
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b, were influenced predominantly by the leaf number (Table 7-8, larger % of total sum of 
squares for leaf number for duration and b in both seasons except for b in 2009-2010). 
7.4.5 The influence of LA:FW ratio on veraison for Sauvignon blanc  
Reduced leaf number had a predominant main effect on the time of veraison, significantly 
delaying the onset of veraison (10%) and 50% veraison accounting for approximately 50% 
of the total sum of squares for ANOVA in both seasons (Table 7-9). Crop removal had 
little influence on the time of veraison (10% or 50% assessment) (Table 7-9), except for a 
significant effect at 50% veraison in the 2009-2010 season, where the six-leaves 75% crop 
removal treatment resulted in significantly earlier 50% veraison than the other six-leaves 
treatments but no difference from all 12-leaf treatments (Table 7-10). As observed with 
Pinot noir, equivalent ratios did not always produce the same results; the six-leaves and 
50% crop removal treatment delayed both 10% and 50% veraison in both seasons 
compared with 12-leaves and 0% crop removal, confirming that leaf area had a greater 
influence than crop removal on the timing of veraison (Table 7-10). However, the timing 
of 10% and 50% veraison was similar for the equivalent ratios of six-leaf 75% crop 
removal treatment and 12-leaves and 50% crop removal (Table 7-10). At 10% veraison, 
the delay for six-leaves and full crop treated vines to reach 10% veraison was seven days 
in 2009-2010 and six days in 2010-2011 longer than the earliest treatment (12-leaves 75% 
crop removal in 2009-2010, 12-leaves 50% crop removal in 2010-2011); at 50% veraison 
these differences were maintained (seven days for both seasons) but were not augmented 
as observed for Pinot noir (Table 7-8). Even though veraison was assessed differently for 
Sauvignon blanc and Pinot noir, the results were consistent in that reduced leaf number 
(and therefore reduced leaf area) had the greatest influence on the time of veraison (Tables 
7-7 and 7-9). However, unlike Pinot noir, for Sauvignon blanc there were no significant 
differences in the duration or rate constant b as a result of reduced leaf number area or 
different percentages of crop removal (Table 7-9). 
7.4.6 8 Brix as a measure of onset of maturation 
A soluble solids concentration of 8 oBrix was used as a benchmark value for the onset of 
maturation, to enable a quantifiable comparison between the two varieties. Variety was the 
predominant significant effect, and then leaf number accounted for the next significant % 
of the total sum of squares for ANOVA (Table 7-11); comparing the varieties, regardless 
137 
 
Table 7-9 Percentage of total sum of squares for treatment effects on veraison parameters assessed by ANOVA for Sauvignon blanc.  
Legend as in Table 7-7. 
Treatment 
effects 
10% veraison 50% veraison Duration (10%-90% veraison) 
b (slope of development at 
50% veraison) 
2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 
Leaf number 40*** 57*** 37*** 69*** 43 19 17 12 
Crop removal 8.6 2.4 19* 2.7 4.8 0.4 5.0 4.0 
Interaction 8.9 3.1 12 1.7 1.9 1.0 0.28 2.1 
 
Table 7-10 Means comparisons for time and duration of veraison for Sauvignon blanc. 
Legend as in Table 7-8.  
Main 
leaf 
number 
Crop 
removal
Ratio 
value 
10% veraison 50% veraison 
Duration
(10%-90% veraison, 
days)
b (slope of 
development at 50% 
veraison)
2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2010-2011 
6 0 6 25 Febc (56) 18 Febb (49) 3 Marb (62) 24 Febb (55) 16.0 14.0 0.199 0.224 
 50 12 23 Febbc (54) 16 Febb (47) 1 Marb (60) 21 Febb (52) 15.1  14.3 0.219 0.234 
 75 24 20 Febab (51) - 26 Feba (57) - 15.9 - 0.202 - 
12 0 12 18 Feba (49) 12 Feba (43) 26 Fea (57) 16 Feba (47) 20.4 12.0 0.160 0.258 
 50 24 18 Feba (49) 12 Feba (43) 24 Feba (55) 16 Feba (47) 17.1 11.0 0.183 0.316 
 75 48 18 Feba (49) - 25 Feba (56) - 18.3 - 0.173 - 
LSD   4.20 3.46 2.97 3.23 6.16 4.93 0.0638 0.135 
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Table 7-11 % of total sum of squares for treatment effects on the Day Of the Year 
(DOY) for grapes to reach a soluble solids of 8 Brix  ssessed by ANOVA.  
Values correspond to % of total sum of squares; *, **, and *** indicate significance at 
p<0.05, p<0.01 and p< 0.001. Values are given to 2 significant figures. 
Treatment effects % Total sum of squares 2009-2010 2010-2011 
Main effects 
Variety 79*** 82*** 
Leaf number 8.1*** 10*** 
Crop removal 4.3*** 4.0*** 
Interactions 
Variety x leaf number 0.34 0.08 
Variety x crop removal 0.46 0.16 
Leaf number x crop removal 2.2** 0.018 
Variety x leaf number x crop removal 0.034 0.010 
of leaf or crop removal treatment, Sauvignon blanc was always later than Pinot noir for the 
time to 8 Brix (Figure 7-1a and b). 
For Pinot noir, comparison of means indicated that the day in 2009-2010 when soluble 
solids of 8 oBrix was reached was delayed for six-leaf full crop treatment compared with 
the time in all other treatments (six and 12 leaves), with no differences between all other 
treatments (Figure 7-1a). In 2010-2011, the six-leaf full crop treatment delayed the timing 
of 8 oBrix, confirming the results of 2009-2010; however, either leaf removal or crop 
removal delayed the day of 8 oBrix (Figure 7-1b). For Sauvignon blanc in 2009-2010, 
vines in the six-leaf full crop treatment were delayed in reaching 8 oBrix compared with 
those in all other treatments. Although vines in the six-leaf 50% crop removal were earlier 
than those in the six-leaves full crop treatment, they were delayed compared with those in 
the six-leaves 75% crop removal treatment and all 12-leaf treatments (Figure 7-1a); the 
results of 2010-2011 confirmed the trends of 2009-2010 (Figure 7-1b). The equivalent 
ratios (12-leaves 100% crop removal and six-leaves 50% crop removal treatments; 12-
leaves 50% crop removal and six-leaves 75% crop removal treatments) were not 
statistically different from one another in both seasons for either variety except for 12-
leaves and full crop compared with six-leaves and 50% crop for Sauvignon blanc in 2009-
2010 (Figure 7-1a and b). 
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Figure 7-1 Onset of maturation measured as the Day Of the Year (DOY) to reach a soluble solids of 8 Brix in grapes of Pinot noir 
and Sauvignon blanc for crop removal and leaf removal treatments applied after fruit set. 
a. 2009-2010 season, b. 2010-2011 season. Six leaves refer to six main leaves per shoot, 12 leaves is 12 main leaves per shoot. Means with 
different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test. 
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7.5 Discussion 
7.5.1 Leaf area removal influences the time of onset of maturation 
Restricting potential carbohydrate sources post-flowering by reducing leaf area via 
trimming can delay the onset of maturation, as measured by veraison (colour change for 
Pinot noir and softness for Sauvignon blanc), or as assessed using a benchmark soluble 
solids of 8 Brix (Chapter 5). In contrast, crop removal had little effect on the timing of 
fruit maturity. Therefore the method of altering the LA:FW ratio had a larger influence on 
the time of veraison than the actual LA:FW ratio per se. When source size was large and 
less source-limited (12 leaves), removal of sinks via crop removal did not advance 
veraison by all assessment methods except for the DOY to 8 Brix for the 12-leaf 
treatment of Sauvignon blanc in 2010-2011 (Tables 7-7, 7-9 and Figure 7-1b). Sink size 
only became relevant when source size was substantially reduced. The relative importance 
of leaf area therefore confirms the results obtained in leaf removal/trimming-only 
experiments on potted vines (Ollat and Gaudillere 1998, Petrie et al. 2000a). In New 
Zealand, current management practices do not trim canopies to the same extent of the six-
leaf full crop treatment; therefore under current management practices, crop removal post 
fruit set may not achieve substantial advancements in veraison. 
Not only was the time of veraison delayed by leaf removal, but on severely source-limited 
Pinot noir vines the duration of veraison (from 10 to 90%) was longer, suggesting that 
there would be greater variation in fruit composition at harvest (Table 7-8). This difference 
in fruit composition could potentially lead to differences in the aroma and flavour profiles 
in the resulting wine. For Sauvignon blanc there were no differences in response to the 
duration of veraison or rate constant b (and subsequent curve shape, Table 7-10); however, 
using a count data scoring method it is possible that small differences were not detected 
that could be detected by assessing percent colour change on Pinot noir. Another 
possibility is that climate conditions pre-veraison and during veraison may have been more 
favourable for Sauvignon blanc, thereby veraison progressed faster than Pinot noir.  
7.5.2 Early leaf removal and yield parameters 
Topping or leaf removal applied early in the season, at various stages up to stage 29 of the 
modified E-L scale (berries at pea size), can result in reduced yield because of a reduction 
in bunch weight or a reduction in the number of berries per bunch (Candolfi-Vasconcelos 
141 
 
and Koblet 1990, van Schalkwyk et al. 1995, Duchêne et al. 2003, Bennett et al. 2005, 
Poni et al. 2006, Lohitnavy et al. 2010). These changes in yield responses have been 
correlated to a reduced fruit set, flower abscission or disruption of the fertilisation process 
resulting in more seedless berries (Candolfi-Vasconcelos and Koblet 1990, Lohitnavy et al. 
2010) and a reduced berry size (Ollat and Gaudillere 1998). The topping treatments 
applied in this study were overall sufficiently late not to have altered the yield at harvest 
when considering yield parameters of the full crop treatments for six versus 12 main 
leaves. Intrieri et al. (2008) suggested that when berry weight and size are unaffected by 
leaf removal, carbohydrate availability is not limited during berry development. Our 
results indicated that for growth parameters there was no difference in average bunch 
weight or yield between the 12-leaf and six-leaf treatments at the same % crop removal for 
each variety; but the average berry weights were lower in all six-leaf treatments than in 12-
leaf treatments in most cases except for Pinot noir in 2010-2011 (Table 7-4). However, the 
delayed onset of maturation measured by 8 Brix with the low source treatments (six 
leaves), indicates that carbohydrate availability may have been limiting in the vine.  
Even if some differences in average berry weight between six- and 12-leaf treatments were 
observed (Tables 7-3 and 7-4) (or differences in average bunch weight for Sauvignon 
blanc in 2010-2011), all full crop treatments (at six or 12 leaves) within each season 
resulted in similar yields. From a practical perspective, if canopy trimming is used as a 
technique potentially to alter timing of the maturation period, this result indicates that early 
application, post pea-size, would not confound the effect of canopy trimming versus 
altered bunch parameters (bunch weight, berry size and number of berries per bunch) on 
the final yield itself.  
7.5.3 Source-sink relationships in the grape vine 
Leaf removal not only reduces source size but also potentially alters relative source 
activity. Leaves were removed from the upper portion of the shoot in this study to reduce 
potential interactions with altering bunch microclimate that can occur when lower leaves 
are removed (Hunter and Visser 1990b, Guidoni et al. 2008); however, by removing upper 
leaves that are still developing, potential sinks were also removed from the system. An 
increase in photosynthetic activity (and therefore compensation) can occur when leaves are 
removed (Hunter and Visser 1988, Hunter and Visser 1990b, Candolfi-Vasconcelos and 
Koblet 1991, Petrie et al. 2003). Petrie et al. (2000c) showed that lower LA:FW (source-
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sink) ratios were associated with higher photosynthesis rates and a greater chlorophyll 
content, implying that activity is more related to vine source-sink balance rather than to 
leaf age. Poni and Intrieri (2001) suggested that lower source activity of big leaves is offset 
by source size and Petrie et al. (2003) found that topping appeared to cause vines to use 
stored reserves to ripen fruit, but leaf removal in the fruiting zone did not have this effect. 
It could be further hypothesised that removal of different portions of the canopy is likely to 
cause some photosynthetic compensation, but given that the basal leaves were measured to 
have a greater activity per unit area (Petrie et al. 2003), removal of this portion could 
potentially delay veraison even more under extreme source-limited conditions. Conversely 
to this, more sunlight and potential increased temperatures in the bunch microclimate may 
be achieved, offsetting some of this photosynthetic activity. Therefore, although removal 
of different canopy portions would probably still shift the onset of maturation, a direct 
comparison would be necessary to elucidate to what extent this occurs for each method 
(basal leaf removal versus topping). 
Other potential sinks such as lateral growth were eliminated in this experimental set up to 
remove one predominant competing sink during the time from flowering to veraison. 
Developing fruit, trunk, buds, shoots, canes and roots are also all potential sinks during 
this time and vine size may confound the source-sink balance; however, Candolfi-
Vasconcelos and Koblet (1990) indicated that leaf removal is more likely to cause reserve 
mobilisation than increasing competition by the roots with other organs like bunches for 
carbohydrate source from the remaining leaves. Lateral shoot growth occurs concurrently 
with berry development and therefore lateral shoots can potentially act as competing sinks 
during their growth, and once lateral shoot growth ceases they represent potential sources 
for berry maturation. Poni and Giachino (2000) observed that when Cabernet Sauvignon 
vines were trained to four bud spurs and either trimmed to six leaves, or twelve leaves with 
or without lateral shoots and leaves, those vines with laterals were able to compensate for 
the leaf area changes and were equivalent to the control treatments (no trimming). By 
eliminating lateral shoots in this current experiment, the vine has not been able to 
compensate photosynthetically via the production of a greater leaf area; any compensation 
would be through increased photosynthetic activity of existing leaves. Future studies 
investigating the role of lateral shoots and leaves on the timing of veraison would be of 
interest, especially to reflect what might occur under more commercial conditions and to 
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understand the competition of laterals as sinks or sources relative to the berry development 
and phenological cycles. 
If altering the LA:FW ratio was used as a strategy to delay or advance the maturation 
phase, long-term effects on bud fertility, carbohydrate reserves and phenology in the 
subsequent seasons would also need to be considered. Previous research has found that 
defoliation led to reduced inflorescence number or berries per bunch, bunch size and or 
vine yield in the subsequent season (Candolfi-Vasconcelos and Koblet 1990, van 
Schalkwyk et al. 1995, Duchêne et al. 2003, Bennett et al. 2005, Poni et al. 2006, 
Lohitnavy et al. 2010). Further work is required to understand to what degree severely 
limiting carbohydrate supply through leaf removal, and the timing thereof, for the 
objective of delaying fruit development would cause an additive reduction in carbohydrate 
reserves over several seasons. This is of even more importance in cool climate where post-
harvest reserve accumulation is potentially less than that of warmer climates. 
7.5.4 Maturity considerations 
In this research, the effect of changing the LA:FW ratio was considered in terms of its 
effect on phenology; it is equally as important to understand the interaction effects of 
LA:FW ratio manipulations on the evolution of key berry components generally measured 
commercially such as soluble solids accumulation, titratable acidity and pH. Stoll et al. 
(2011) suggested the possibility of altered rates of sugar accumulation due to LA:FW ratio 
manipulations. Metabolites like anthocyanins, thiols, phenolic compounds and amino acids 
also need to be considered when deciding on cultivar suitability and LA:FW ratio 
manipulations. For example, previous research has indicated for red varieties that crop 
thinning increases anthocyanins and phenolics (Guidoni et al. 2002, Petrie and Clingeleffer 
2006), whereas reduced leaf area manipulated up to veraison by trimming/hedging (rather 
than basal leaf removal, which has a confounding effect on changing source-sink balance 
as well as bunch microclimate) reduces anthocyanin concentrations (Reynolds and Wardle 
1989). 
7.5.5 Modelling the effect of LA:FW ratio on the onset of maturation 
The results of this study indicate that modelling the effects of the LA:FW ratio on the 
onset of maturation now requires defining a LA:FW ratio threshold below which this 
timing is delayed. Given that leaf area had the greatest effect on veraison, future work will 
need to investigate correlating this effect to a broad range of leaf area manipulations for 
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which crop levels have not been altered; and then repeating this at reduced crop levels. 
This should define thresholds whereby canopy manipulation changes developmental 
cycles, and defines the limits to what extent the onset of maturation can be delayed. With a 
deeper understanding of using LA:FW ratio manipulations as a potential tool to delay 
grapevine development during the season, the findings can be used to alter the onset of 
fruit maturation during warmer than average seasons. 
7.6 Conclusions 
Restricting potential carbohydrate sources by manipulating the LA:FW ratio by trimming 
post-flowering delays the onset of maturation in Sauvignon blanc and Pinot noir. Changing 
the LA:FW ratio by removing leaves could offer a solution for delaying veraison, but only 
under extreme source-limited conditions could crop removal also alter this timing. The 
understanding of the role of leaf area on timing of phenological events will open 
opportunities to model interactions of climate and vine management in the future. 
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8.1 Abstract 
Background and Aims: The aims of this study were to investigate for Vitis vinifera L. 1) 
the relative importance of changing the Leaf Area to Fruit Weight (LA:FW) ratio by crop 
removal versus leaf removal on soluble solids accumulation 2) the time of manipulations on 
soluble solids accumulation when changing the LA:FW ratio by crop removal or leaf 
removal 3) the effects for two different varieties, Pinot noir and Sauvignon blanc and 4) 
the effects on other berry components: pH, titratable acidity and berry weight. 
Methods and Results: Four cane Vertical Shoot Positioned (VSP) trained vines were 
trimmed shortly after fruit set or at veraison to retain six or twelve main leaves per shoot 
and thinned removing 0, 50 or 75% of the bunches. Soluble solids, pH, titratable acidity 
and berry weight were measured weekly from pre-veraison to harvest. 
Reduced leaf area at fruit set had the greatest effect on delaying the start of soluble solids 
accumulation. Reduced leaf area at veraison reduced rates of soluble solids accumulation, 
but this was fully compensated by crop removal. Crop removal increased rates of soluble 
solids accumulation and final concentrations in berries to the same degree for both times of 
leaf area to fruit weight manipulations. Crop removal had a greater effect on Sauvignon 
blanc than Pinot noir. Titratable acidity and pH were largely unaffected and berry weights 
were highly variable. 
Conclusions: Both crop removal and leaf removal at fruit set and veraison alter soluble 
solids accumulation for both Pinot noir and Sauvignon blanc with very little differences in 
the relative effects between varieties. Crop removal after fruit set and or at veraison can 
also alter soluble solids accumulation.  
Significance of study: Crop and/or leaf removal represent ways to manipulate vine growth 
and development to potentially control the time to achieve target fruit soluble solids. 
 Keywords: crop removal, leaf number, variety, soluble solids, maturation  
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8.2 Introduction 
An appropriate balance between leaf area available for photosynthesis (carbohydrate 
source) and fruit yield (carbohydrate sink) is essential if a target soluble solids 
concentration is to be achieved by the end of the growing season. Vine phenology and 
maturity are influenced by temperature (Kliewer and Lider 1970, Buttrose et al. 1971), and 
temperature has been successfully used as the main environmental driver in phenological 
models (Caffarra and Eccel 2010, Duchêne et al. 2010, Nendel 2010, Parker et al. 2011). 
However, the relative effects of LA:FW ratio manipulations on these responses and 
predictions have rarely been considered. Increasing temperatures are related to earlier 
phenology and harvest (Duchêne and Schneider 2005, Jones et al. 2005, Webb et al. 2007, 
Petrie and Sadras 2008, Duchêne et al. 2010). If LA:FW ratio manipulations could 
potentially shift the time of development and maturity processes then they may 1) offer a 
potential tool to negate the effects of these changes in phenology in the face of climate 
change (increased temperature and increased CO2 concentrations) and 2) conversely 
provide solutions for LA:FW ratio manipulations in more marginal climates where 
reaching a target soluble solids sometimes can pose a problem in cooler seasons.  
To alter the source-sink balance in the grapevine, the potential vine yield for any training 
system is first set at pruning, when the number of buds retained is determined. The source-
sink balance can be manipulated by using alternative training systems (Peterlunger et al. 
2002, Wolf et al. 2003, Vanden Heuvel et al. 2004, Kliewer and Dokoozlian, 2005), spur 
versus cane pruning, or more generally during the growing season, typically from fruit set 
onwards, by leaf or crop removal (thinning, trimming or leaf plucking) (Reynolds et al. 
1994a, b, Petrie et al. 2000a, Petrie et al. 2000b, Naor et al. 2002, Kliewer and Dokoozlian 
2005, Nuzzo and Matthews 2006, Petrie and Clingeleffer 2006, Poni et al. 2009, Stoll et al. 
2011). Removal of leaves reduces the main carbohydrate source for soluble solids 
accumulation. Removal of fruit only eliminates one potential carbohydrate sink of many 
(trunk, roots, and shoots) from the source-sink balance. The consequences of these changes 
to the source-sink balance can be assessed by measuring the changes in dry weight of vine 
components (fruit, trunks, roots and shoots) and by measuring carbohydrate concentrations 
in these organs (e.g. starch concentrations in the wood or soluble solids in the fruit).  
While the consequences of a reduced source-sink ratio are frequently observed as lower 
concentrations of sugars in fruit at harvest (Petrie et al. 2000a, Wolf et al. 2003, Nuzzo and 
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Matthews 2006, Petrie and Clingeleffer 2006), the process of achieving this outcome is 
seldom reported. As illustrated in Chapter 7 and also indicated elsewhere (Ollat and 
Gaudillere 1998, Petrie et al. 2000a, Poni and Giachino 2000), reduced leaf area via 
trimming or leaf removal can delay the onset of maturation (veraison). For soluble solids 
accumulation, reduced LA:FW ratio through trimming post-bloom or crop removal (but 
not combined) have both been observed to have little effect on the slopes (rates) of soluble 
solids accumulation (Petrie et al. 2000a). In contrast, Stoll et al. (2011) inferred that 
reduced LA:FW ratio by trimming slowed the rate of soluble solids accumulation, but 
these rates were not quantified for the different treatments, nor was the effect of leaf 
removal considered in terms of altering the onset of maturation. Crop removal post-
bloom/post-fruit set has been illustrated to increase soluble solids accumulation (Guidoni 
et al. 2002, Nuzzo and Matthews 2006, Petrie and Clingeleffer, 2006). Conversely, Sadras 
et al. (2008) found no significant correlation between source size, source activity, sink 
size, sink activity and source-sink parameters and the maximum concentration of soluble 
solids in berries across a range of varieties. Furthermore, Sadras and Petrie (2011a) used 
historical data to develop a model that used 1) onset of maturation and 2) a variety by site 
rate as two input parameters and found this model accounted for 81-92% of the variation in 
soluble solids accumulation; further analysis in another study found a shift in onset 
accounted for 86% of the variation in the time of maturity (Sadras and Petrie 2011b), 
indicating a change in onset best reflected environment and vine management differences. 
Although these authors found no differences in predictions by the model as a result of crop 
thinning (Sadras and Petrie 2011a), it is not clear whether this is consistent in other sites, 
for other varieties or at different levels of LA:FW ratio manipulations. Therefore, although 
it has been demonstrated that 1) leaf area influences the start of soluble solids 
accumulation and 2) a change of onset can best describe maturity differences in a 
modelling framework, the relative importance of removing leaves or crop on the dynamics 
of soluble solids accumulation remains unclear. In addition, it can be anticipated that the 
time of LA:FW ratio manipulations during the development cycle may further affect fruit 
composition. In many cases, changing the source-sink ratio may affect both the date of 
veraison and rate of soluble solids accumulation. Whichever mechanism is involved, the 
consequences are similar: reduced soluble solids concentrations in fruit at harvest.  
Where multiple varieties have previously been compared, they exhibited similar trends 
with respect to LA:FW ratio manipulations by shoot thinning, although absolute levels of 
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harvest components may have differed between varieties (as seen in Reynolds et al. 2005 
for Cabernet-Sauvignon and Pinot noir); however in the study by Keller et al. (2005), 
removal of clusters from non-node shoots had little influence on berry composition for 
three varieties, Cabernet-Sauvignon, Riesling and Chenin blanc. If the onset of maturation 
is typically later for one variety compared to another, then two varieties will potentially 
experience different environmental conditions during the maturation phase. The relative 
effect of changing LA:FW ratio on varietal onset of maturation and soluble solids 
accumulation for different varieties are yet to be considered experimentally. 
In addition to measuring soluble solids as a component of the carbohydrate balance of the 
vine, other berry components may also be affected by LA:FW manipulations. This 
includes pH, titratable acidity, berry weight and aroma and flavour compounds. 
Understanding if source-sink manipulations alter such components is important because 
they reflect the balance of components in the berry. 
The aims of this study were to investigate 1) the differences or similarities of altering the 
LA:FW ratio by crop removal versus leaf removal on soluble solids trajectories and to 
determine 2) if the time at which the LA:FW ratio is manipulated influences the response. 
The effects were investigated and compared for two different varieties: Pinot noir and 
Sauvignon blanc, and three other important berry components, pH, titratable acidity and 
berry weight were considered. 
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8.3 Methods 
8.3.1 Experimental site 
The experiment was conducted in a commercial vineyard in the Wairau valley, 
Marlborough, New Zealand (4132’S, 17351’E). Two adjacent rows of the V. vinifera L. 
varieties Sauvignon blanc (clone MS, rootstock R110) and Pinot noir (clone 777, rootstock 
101-14MGt) were used in this trial for 2009-2010, and the adjacent rows were used for 
each variety in 2010-2011. Both varieties were of similar age (Sauvignon blanc was 
planted in 1997, Pinot noir in 1998). Rows were orientated +15o from North, in North to 
South direction; vines were planted 1.8 m within and 3.0 m between rows respectively.  
8.3.2 Experimental design 
In 2009-2010, a 2 (time of treatment) x 2 (variety) x 3 (crop removal) x 2 (main leaf 
number per shoot) block design, randomised within the variety was used with four blocks 
(four replicates per treatment per variety) that were designated by trunk circumference size 
taken as the average of the circumference 10 cm below the head of the vine and 10 cm 
above ground level. Each replicate corresponded to one vineyard bay consisting of three 
adjacent vines. The LA:FW ratio was adjusted on whole vines in six ways (six treatments): 
1) 12 main leaves per shoot, 100% crop retained on the vine; 2) 12 main leaves per shoot, 
50% of the crop removed; 3) 12 main leaves and 75% of the crop removed; 4) six main 
leaves per shoot and 100% crop retained on the vine; 5) six main leaves per shoots and 
50% of the crop removed and 6) six main leaves per shoots and 75% of the crop removed. 
Equivalent ratios (ratio of leaf number:proportion of crop left) are treatments with same 
ratio values and are outlined in Table 8-1. 
In 2010-2011, a 2 (variety) x 2 (crop removal) x 2 (main leaf number per shoot) block 
design randomised within each variety was used with two blocks (two replicates per 
treatment per variety in each block) that were designated by trunk circumference size taken 
as the average of the circumference 10 cm below the head of the vine and 10 cm above 
ground level. Treatments 1) 2) 4) and 5) of the 2009-10 experiment were repeated in 2010-
2011 to confirm trends observed in that season.  
For individual time points, a 3 (crop removal) x 2 (main leaf number per shoot) (2009-
2010) and a 2 (crop removal) x 2 (leaf number per shoot) (2010-2011) factorial experiment 
was conducted on each variety.  
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Table 8-1 Experimental treatments and corresponding ratios.  
Equivalent ratios (ratio of leaf number:proportion of crop left) are treatments with same 
ratio values. 
Main leaf number 
per shoot Crop removal 
Ratio of leaf 
number: 
proportion of crop 
left 
Ratio value 
6 0 6:1 6 
 50 6:0.5 12 
 75 6:0.75 24 
12 0 12:0.1 12 
 50 12:0.5 24 
 75 12:0.25 48 
8.3.3 Vine management 
All vines were pruned to four canes with 12 nodes per cane (July 2009 and August 2010). 
Secondary shoots (shoots growing from secondary buds on the node or quiescent buds) 
were removed on all replicates pre-flowering (10-11 November 2009, 19-24 November 
2010). The lower cane was 900mm and the upper cane 1100mm from the soil surface, 
respectively. The canopy was trained using VSP, with foliage wires used to maintain the 
canopy approximately 300 mm from face to face.  
General vineyard management (fungicide spraying, irrigation, under-vine weed control) 
was undertaken in accordance with New Zealand Sustainable Winegrowing practice 
(http://wineinf.nzwine.com/swnzabout.asp). Leaf and crop removal treatments were 
applied either 1) shortly after fruit set, stage 31 on the modified Eichhorn-Lorenz (E-L) 
developmental scale (Coombe 1995), 23-27 days post flowering (both seasons) for both 
varieties (Table 8-2) or 2) at 50% veraison (2009-2010) corresponding to stage 35, as 
monitored for the control experimental units (12 leaves and 100% crop treatments) for 
each variety (66-69 days post flowering) (Table 8-2). For Pinot noir, this 50% veraison 
time point was determined by assessing the percentage of berry colour change for four 
shoots each, with two bunches on one vine per replicate (assessed twice per week on each 
replicate). For Sauvignon blanc, veraison was assessed by scoring berries for softness by 
gently pressing on each berry of a 30-berry sample that was collected weekly across the 
three vines of each replicate. 
All of the shoots on the vines were trimmed leaving 12 or six main leaves. Lateral shoots 
were removed at the time of treatment application and bi-weekly thereafter until harvest to 
maintain a fixed number of main leaves on all replicates. For the veraison thinning and  
152 
 
Table 8-2 Time of Leaf Area to Fruit Weight (LA:FW) ratio manipulations. 
LA:FW ratio manipulations at fruit set corresponding to Stage 31 on the modified E-L 
scale. LA:FW ratio manipulations at veraison corresponded to approximately 50% 
veraison as assessed by % colour change in the field for Pinot noir (stage 35 on the 
modified E-L scale) and % softness of a 30 berry sample for Sauvignon blanc (stage 34 on 
the modified E-L scale). Percent veraison corresponds to the average value across all 12 
leaf 100% crop treatments for each variety. Values in brackets are Day Of the Year 
(DOY). NA = Not Applicable. 
 LA:FW manipulations at fruit set LA:FW manipulations at veraison 
Pinot noir Sauvignon blanc Pinot noir Sauvignon blanc 
Year 2009-2010 2010-2011 2009-2010 2010-2011 2009-2010 2009-2010 
Berry 
diameter 
(mm) 
6.64 7.73 6.25 8.37 NA NA 
% 
veraison NA NA NA NA 51 57 
Date of 
LA: FW 
treatment 
5 January 
(5) 
29 
December 
(363) 
14 January 
(14) 
5 January 
(5) 
17 
February 
(48) 
1March 
(60) 
Days 
after 50% 
flowering 
23 25 23 27 66 69 
trimming treatments in the 2009-10 season, all vines were trimmed to the control level of 
12 leaves per shoot at the same time as the fruit set treatments and the six main leaves 
treatments were subsequently trimmed at veraison. 
For 50% crop removal, all bunches (apical and basal) were removed on alternate shoots 
along the cane. Similarly, 75% crop removal removed all bunches from three of every four 
shoots along the cane. Where no bunches were present on a shoot, this shoot was 
considered to have been ‘crop thinned’ and subsequent shoots were adjusted for this. The 
50% and 75% treatments also had bunches removed from non-count shoots (shoots 
growing from the head of the vine rather than the cane).  
In 2009-2010, harvest dates were 8 April (DOY 96) for Pinot noir and 15 April (DOY 105) 
for Sauvignon blanc. In 2010-2011, Pinot noir was harvested on 30 March (DOY 89) and 
Sauvignon blanc was harvested on 6 April (DOY 96). Methods and results of percent crop 
removal, leaf area, yield, berry weight and bunch weight measurements at harvest were 
presented previously (Chapter 7). 
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8.3.4 Fruit development and berry composition measurements 
A 30-berry sample was collected weekly from each replicate from pre-veraison until 
harvest. Berry weight for each 30-berry sample was measured, then berry samples were 
crushed by hand and coarsely filtered. The following measurements were made on the 
berry juice: 
1) Soluble solids determined by measuring Brix using an Atago Pocket PAL-1 
Refractometer (Atago Co., Ltd, Japan). 
2) Titratable acidity by endpoint titration (tartaric equivalents in g/L) using 0.1 M 
NaOH to pH 8.4 at 20 C with a Mettler Toledo DL 50 Graphix titrator (Mettler 
Toledo Gmbtt, Analytical, Switzerland). 
3) pH using a Metrohm 744 pH meter (Metrohm AG, Switzerland). 
8.3.5 Modelling and statistical analysis 
For soluble solids accumulation, the exponential three parameter growth curve (Equation 
8-1, also known as the monomolecular equation) was fitted to each replicate to data greater 
than 5 Brix (corresponding to the start of rapid soluble solids accumulation). 
Equation 8-1 
ݕ ൌ ܽ ൅ ܾݎ௫ 
where a is the y asymptote, b<0 and 0<r<1 and x is the DOY. 
The following measures were interpolated from the curve fits: 
1) Duration of soluble solids accumulation that was comparable across all curve fits, 
starting at 8 Brix (onset of maturation as defined in Chapter 7) up to the lowest 
soluble solids value that was measured at harvest for one experimental unit across 
all varieties, treatments and seasons (14.2 Brix). 
2) Average rates of soluble solids accumulation (increase in soluble solids/day) 
calculated over the same period as duration for soluble solids accumulation. 
From the curve fits, the difference in the number of days to reach target soluble solids of 
21 Brix was also interpolated or extrapolated. For analysis of the relative importance of 
main effects (crop removal, main leaf number, variety and time of treatment), results were 
analysed by ANOVA using Genstat 12 (VSN International Ltd., Hemel Hempstead, 
United Kingdom) and the percentage (%) total sum of squares and significance of main 
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effects were compared. For comparisons of means of each treatment level, significance 
was determined by the Fisher’s unprotected least significant difference (LSD) method at 
the 5% level of significance. Interpolated rates and durations were analysed for soluble 
solids accumulation; for pH, titratable acidity and berry weight each time point was 
assessed. Relationships between soluble solids, pH and titratable acidity were evaluated for 
each combination of main leaf number and crop level. Means plots presented in Figures 
were plotted using Sigmaplot 12 (Systat Software, Inc., USA). Harvest values were 
analysed for soluble solids, pH and titratable acidity (berry weight at harvest published 
elsewhere, Chapter 7). 
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8.4 Results 
8.4.1 Soluble solids accumulation in response to LA:FW manipulations 
applied at fruit set  
Trimming shoots to retain six main leaves per shoot delayed the time at which fruit 
reached 8 oBrix (Figure 8-1 a, b, e and f and Chapter 7), when compared to vines with 12 
main leaves per shoot (in the presence of full crop).  
For both seasons, crop removal had the greatest effect on rates and durations of soluble 
solids accumulation, accounting for a greater proportion of the total sum of squares 
although leaf number was also significant (Table 8-3). The interaction of leaf number and 
crop removal was significant in three out of four cases for the differences in rate and 
duration; most of the other interactions were non-significant (Table 8-3). Comparison of 
means indicated that rates and durations were not statistically different between varieties 
for each treatment level (for example 12 leaves and 75% crop removal had the same initial 
rate and duration irrespective of the variety); the only exceptions were 1) a slow rate for 
Pinot noir 50% crop removal (12 leaves) in 2009-2010 compared to all 12 leaf crop 
removal treatments for both varieties (Table 8-4), and 2) a slower rate for Sauvignon blanc 
12 leaf 50% removal treatment compared with the rate of Pinot noir 12 leaf 50% removal 
in 2010-2011 (Table 8-4). Equivalent LA:FW ratios (i.e. 12 leaves 100% crop; six leaves 
50% crop removal) had the same rates of soluble solids accumulation and took the same 
length of time (duration) to go from 8 to 14.2 Brix excluding the comparison of Pinot noir 
12 leaves 50% crop removal and six leaves 75% crop removal in 2009-2010 (Table 8-4). 
Between varieties, rates and duration of soluble solids accumulation were the same for the 
same treatment (except for the 12 leaf 50% crop removal treatment but this was not 
consistently higher for one variety over the two seasons). 
8.4.2 Soluble solids accumulation in response to LA:FW manipulations 
applied at veraison 
Trimming and thinning treatments were also applied at veraison in 2009-2010. This 
removed the possible confounding effect on fruit composition changes resulting from the 
earlier thinning at fruit set. Crop removal had a greater effect than leaf removal on duration 
and rate of soluble solids accumulation when LA:FW ratio was manipulated at veraison 
(Table 8-5 and Figure 8-1c and d). Leaf number and variety were also significant main 
effects on duration and rate of soluble solids accumulation when the LA:FW ratio was  
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Figure 8-1 Soluble solids accumulation (Brix) for different Leaf Area to Fruit 
Weight (LA:FW) ratios. 
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio at veraison in 2009-2010, e. Pinot noir, LA:FW 
ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at fruit set 
in 2010-2011. DOY= Day Of the Year. Dotted (···) horizontal lines indicate the soluble 
solids value (8 Brix) that was used as a measure of onset of maturation; dashed (―――) 
vertical lines indicate the time at which the veraison LA:FW ratio manipulations were 
applied. 
a Pinot noir b Sauvignon blanc
c Pinot noir d Sauvignon blanc
e Pinot noir f Sauvignon blanc
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Table 8-3 % of total sum of squares for treatment effects on the duration and rates of soluble solids accumulation for treatments 
applied at fruit set assessed by ANOVA.  
Values (2 significant figures) correspond to % of total sum of squares; *, **, and *** indicate significance at p<0.05, p<0.01 and p< 0.001.  
Treatment effects Duration 8-14.2 Brix  Rate for 8-14.2 Brix 2009-2010 2010-2011 2009-2010 2010-2011 
Main effects     
Variety 2.4* 0.006 3.0** 1.4 
Leaf number 19*** 31*** 28.5*** 36*** 
Crop removal 40*** 37*** 48** 40*** 
Interactions     
Variety x leaf number 0.0003 3.1* 1.3 4.3** 
Variety x crop removal 1.7 1.8 0.31 2.1* 
Leaf number x crop removal 8.4** 8.6*** 0.87 1.7* 
Variety x leaf number x crop removal 0.64 0.13 17 0.39 
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Table 8-4 Effect of main leaf removal and crop removal at fruit set on soluble solids accumulation. 
Duration (days) from 8 to 14.2 Brix values as determined from exponential curve fits to each replicate where y= a + brx. 8 Brix was defined as 
a start point for maturation, and 14.2 Brix was the lowest measured Brix value across all replicates at harvest (including veraison treatments). 
Means within columns followed by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test. 
Variety 
Main leaf 
number per 
shoot 
Crop removal 
(% removal) 
Duration 8-14.2 Brix  Rate for 8-14.2 Brix 
2009-2010 2010-2011 2009-2010 2010-2011 
Pinot noir 6 0 24.2c 28.2c 0.257a 0.222a 
  50 15.4ab 19.6b 0.407bc 0.317bc 
  75 13.7ab - 0.453cd - 
 12 0 14.9ab 20.6b 0.420bc 0.301b 
  50 10.7a 18.1ab 0.587f 0.344c 
  75 11.4a - 0.552ef - 
Sauvignon blanc 6 0 29.8c 32.4c 0.229a 0.199a  
  50 15.6ab 19.7b 0.404bc 0.316bc 
  75 14.1ab - 0.44c - 
 12 0 17.8b 19.8b 0.357b 0.317bc 
  50 13.1ab 14.9a 0.475cde 0.416d 
  75 11.7a - 0.532de - 
LSD   5.68 4.24 0.081 0.040 
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manipulated at veraison but to a lesser extent (Table 8-5). All interactions were only 
significant in the case of extrapolating the curves for 21 Brix (for both the date of 21 
Brix and the duration 8-21 Brix) (Table 8-5). Comparison of means confirmed that crop 
removal (50% or 75%) significantly reduced the length in days from 8 Brix to 14.2 Brix, 
compared to the 100% crop treatment at a given leaf number; the only exception was the 
lack of significant differences between all 12 leaf treatments for Sauvignon blanc (Table 8-
6). In most cases, crop removal also significantly shortened durations to a target soluble 
solids of 21 Brix (interpolated/extrapolated from curve fits using Equation 8-1, Table 8-
6). The six leaves full crop treatments for both varieties were extrapolated to give a value 
at 21 Brix: for Pinot noir, the six leaf full crop treatment was not different to the 12 leaf 
full crop treatment; for Sauvignon blanc, the six leaf full crop was different to the 12 leaf 
full crop treatment (Table 8-6). There were few differences in duration and rates of soluble 
solids accumulation between the two levels of fruit thinning (50% versus 75% crop 
removal) (Table 8-6, Figure 8-1c and d). Rates or durations (8 to 14.2 Brix) of soluble 
solids accumulation for each variety were not significantly different between the 
equivalent ratios (Table 8-6). In most cases rates (8 to 14.2 Brix) or duration (8 to 14.2 
Brix and the extrapolated 8 to 21 Brix) there were few differences between Pinot noir 
and Sauvignon blanc at the same LA:FW ratio treatment (Table 8-6).  
8.4.3 The time of LA:FW ratio manipulations changes the soluble solids 
response curve 
When comparing the LA:FW manipulations at fruit set and at veraison, the main 
differences were: 1) a shift in onset of maturation by the earlier LA:FW ratio 
manipulations; and 2) early leaf removal at fruit set to six leaves also resulted in a lower 
soluble solids than for the same leaf removal treatment applied at veraison (Table 8-4, 
Table 8-5 and Figure 8-1a, b, c and d), in part as a response to the delayed onset of 
maturation (Chapter 7), but also due to the slower accumulation rates (Table 8-3 and Table 
8-5). The time to a threshold value of 21 Brix for treatments applied at fruit set was not 
assessed in either season because in both years, three out of four of the six leaf full crop 
treatments for Sauvignon blanc had upper asymptotes (ܽ value in ݕ ൌ ܽ ൅ ܾݎ௫) fitted for  
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Table 8-5 % of total sum of squares for treatment effects on the duration and rates of soluble solids accumulation for treatments 
applied at veraison assessed by ANOVA in 2009-2010.  
Values (2 significant figures) correspond to % of total sum of squares; *, **, and *** indicate significance at p<0.05, p<0.01 and p< 0.001.  
Treatment effects Date of 21 Brix Duration 8-14.2 Brix 
Rate for 8-14.2 
Brix 
Duration 8-21 
Brix 
Main effects     
Variety 19*** 6.9** 12*** 2.8** 
Leaf number 15*** 25*** 28*** 20*** 
Crop removal 31*** 35*** 34*** 39*** 
Interactions     
Variety x leaf number 4.1** 0.079 0.21 3.9** 
Variety x crop removal 3.0* 0.23 3.3* 3.1* 
Leaf number x crop removal 3.6** 4.3* 0.33 4.9** 
Variety x leaf number x crop removal 5.3** 0.049 19 4.9** 
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Table 8-6 Effect of main leaf removal and crop removal at veraison on soluble solids accumulation in 2009-2010. 
Duration (days) from 8 Brix to 14.2 or 21 Brix values as determined from exponential curve fits to each replicate where y= a + brx. 8 Brix 
was defined as a start point for maturation. Values in brackets correspond to the Day Of the Year (DOY). Means within columns followed by 
different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test. 
Variety 
Main Leaf 
number per 
shoot 
Crop removal 
(% removal) Date of 21 Brix 
Duration 8-
14.2 Brix 
Rate for 8-
14.2 Brix 
Duration 8-21 
Brix 
Pinot noir 6 0 14 Aprilcde (104)  22.6ef  0.281ab 61.3d  
  50 2 Aprilabcd (92)  15.6bcd  0.403cde 47.1abc 
  75 31 Marchab (90) 13.7abc 0.467ef 44.5abc 
 12 0 9 Aprilbcde (99) 15.8bcd 0.393cde 53.2cd 
  50 26 Marcha (85) 11.7ab  0.534fg 39.7ab 
  75 22 Marcha (81) 11.0a  0.570g 35.8a 
Sauvignon blanc 6 0 27 Mayf (147) 24.9f 0.261a 91.5e  
  50 15 Aprile (105) 18.6de  0.336bc 50.6bcd 
  75 11 Aprilbcde (101) 16.5cd 0.377cd 46.5abc 
 12 0 14 Aprilde (104) 17.1cd  0.376cd 50.2bcd 
  50 4 Aprilabcde (94) 14.3abc  0.434de 39.1ab 
  75 1 Aprilabc (91) 13.7abc 0.453e 36.6a 
LSD   6.36 4.17 0.075 6.25 
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the exponential response that were less than the tested target soluble solids value of 21 
Brix. 
8.4.4 Soluble solids at harvest in response to LA:FW ratio manipulations 
Crop removal in general contributed to a greater percentage of the total sum of squares 
compared with the main effect of leaf number (Table 8-7); although leaf number delayed 
veraison for LA:FW ratio manipulations at fruit set, reduced leaf number in combination 
with a high yield (low crop removal) resulted in the greatest reduction in harvest soluble 
solids measured (Table 8-8 and Table 8-9). 
In 2009-2010, when the LA:FW ratio was manipulated at fruit set there was no difference 
at harvest between the six leaf 50% or 75% crop removal treatments compared with the 12 
leaf full crop treatment for both varieties (Table 8-8). Crop removal for the 12 leaf 
treatments with 50% or 75% crop removal was not significantly different to the 12 leaf 
100% crop treatment for Pinot noir but the two crop removal treatments had significantly 
higher soluble solids at harvest compared to the 12 leaf 100% crop treatment for 
Sauvignon blanc (Table 8-8). In 2010-2011, 12 leaf full crop and 12 leaf 50% crop 
removal were not statistically different for Pinot noir but were different for Sauvignon 
blanc (Table 8-9). In both seasons for each variety the six leaf full crop treatment was 
significantly lower than the 12 leaf full crop treatment at harvest when the LA:FW ratio 
was manipulated at fruit set but when the LA:FW ratio was manipulated at veraison, they 
were only significantly different at harvest for Sauvignon blanc (2009-2010 only). 
There was very little difference in the effects of crop removal between the two time points 
of LA:FW ratio manipulations (2009-2010) for Pinot noir on harvest soluble solids (Table 
8-8 and Table 8-9). For Sauvignon blanc, 12 leaf and crop removal generally resulted in 
higher harvest soluble solids than six leaves with crop removal at either time of LA:FW 
ratio manipulations with very little difference between 50% and 75% crop removal (Table 
8-8 and Table 8-9). 
8.4.5 LA:FW ratio and titratable acidity trajectories 
In both seasons, there were no consistent trends in terms of main effect (leaf or crop 
removal) on titratable acidity concentrations for Pinot noir or Sauvignon blanc (Table 8-7). 
At harvest, there were no detectable differences in titratable acidity concentrations for 
Pinot noir treatments at either time of LA:FW manipulations (fruit set and veraison) (Table 
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Table 8-7 Comparison of treatment effects on harvest values for soluble solids (Brix), titratable acidity and pH of LA:FW ratio 
manipulations at fruit set and veraison assessed by ANOVA.  
Values (2 significant figures) correspond to % of total sum of squares; *, **, and *** indicate significance at p<0.05, p<0.01 and p< 0.001.  
Treatment effects 
Soluble solids (Brix) Titratable acidity (g tartrate/L) pH 
Pinot noir Sauvignon Blanc Pinot noir 
Sauvignon 
blanc Pinot noir 
Sauvignon 
blanc 
Fruit set (2009-2010) 
Leaf number 22*** 32*** 4.4 21*** 16* 0.015 
Crop removal 38*** 43*** .0.035 6.8 2.0 36* 
Interaction 25*** 10** 72 4.4 8.8 16 
Veraison (2009-2010) 
Leaf number 14.9** 39*** 0.35 7.3 32*** 0.41 
Crop removal 50.5*** 38*** 14 1.9 8.9 16 
Interaction 1.4 2.8 3.1 5.9 6.1 0.62 
Fruit set (2010-2011) 
Leaf number 41*** 48*** 18* 10 0.03 26** 
Crop removal 34*** 41*** 4.1 2.4 0.23 6.4 
Interaction 8.1** 0.43 0.87 10 22 2.9 
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Table 8-8 Harvest values for soluble solids (Brix), titratable acidity and pH of LA:FW ratio manipulations at fruit set and veraison 
in 2009-2010.  
Means within columns followed by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test. 
Timing of 
LA:FW 
manipulation
Main leaf 
number 
per shoot 
Crop removal 
(% removal) 
Soluble solids (Brix) Titratable acidity (g tartrate/L) pH 
Pinot noir Sauvignon blanc Pinot noir 
Sauvignon 
blanc Pinot noir 
Sauvignon 
blanc 
Fruit set 6 0 18.6a 16.8a 8.65a 11.6ab 3.22bc 2.88abc 
 50 22.1de 21.4c 8.44a 12.0abcd 3.25c 2.88abc 
 75 21.9cd 22.1cde 8.65a 11.4a 3.22bc 2.91c 
12 0 22.0cde 21.7cd 8.69a 12.3bcd 3.19ab 2.84a 
 50 22.4de 23.5ef 8.93a 12.2abcd 3.19ab 2.91c 
 75 22.3de 23.5ef 8.66a 12.1abcd 3.21bc 2.91c 
Veraison 6 0 20.1b 18.3b 8.48a 12.3bcd 3.22bc 2.85ab 
 50 21.8cd 21.0c 8.47a 11.8abc 3.23bc 2.87abc 
 75 21.8cd 21.7cd 8.36a 12.2abcd 3.23bc 2.88abc 
12 0 21.1bc 21.6cd 8.94a 12.6cd 3.14a 2.85ab 
 50 22.3de 23.0def 8.97a 12.7d 3.15a 2.88abc 
 75 23.0e 23.6f 8.65a 12.2abcd 3.20bc 2.89bc 
LSD   1.01 1.48 0.73 0.858 0.052 0.043 
Table 8-9 Harvest values for soluble solids (Brix), titratable acidity and pH of LA:FW ratio manipulations at fruit set in 2010-2011. 
Means within columns followed by different letters differ significantly from each other at p<0.05 by the Fisher’s unprotected LSD test. 
Main leaf 
number per 
shoot 
Crop removal 
(% removal) 
Soluble solids (Brix) Titratable acidity (g tartrate/L) pH 
Pinot noir Sauvignon blanc Pinot noir 
Sauvignon 
blanc Pinot noir 
Sauvignon 
blanc 
6 0 17.7a 15.6a 8.13a 9.82a 3.28ab 3.09ab 
 50 20.8b 19.5b 8.31a 9.70a 3.34b 3.13b 
12 0 21.0b 19.8b 7.86a 9.85a 3.30ab 3.06a 
 50 22.1b 23.0c 8.76a 10.28a 3.25a 3.07ab 
LSD  1.39 1.67 1.22 0.954 0.087 0.062 
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8-8 and 8-9). For Sauvignon blanc, small differences in harvest titratable acidity 
concentrations were observed between treatment means, but these appeared unrelated to 
differences in leaf or crop removal (Table 8-8 and 8-9). 
Titratable acidity concentrations in the six leaf full crop treatment were significantly 
greater than all other treatments in Pinot noir for LA:FW ratio manipulations at fruit set at 
each sampling time point prior to DOY 84 in 2009-2010 (excluding DOY 49) (Figure 8-
2a). For the last five time points, all other treatments for Pinot noir were not statistically 
different from each other in 2009-2010. In 2010-2011 minor differences were detected 
between treatment means of titratable acidity concentrations for Pinot noir at various time 
points, but they were inconsistent with thinning effects (Figure 8-2e). For Sauvignon blanc 
in 2009-2010, the small differences in titratable acidity concentration that were detected at 
the last three time points or at earlier time points did not reflect any trends in leaf removal 
or crop thinning (the harvest difference between the lowest and highest titratable acidity 
value was only 0.87 g/L) (Figure 8-2b). For Sauvignon blanc in 2010-2011, earlier 
samples were taken and it was observed that the six leaf full crop treatment actually had a 
lower absolute maximum titratable acidity (DOY 33, 34 g/L) that was statistically different 
from all other treatments (on the same day) (Figure 8-2f).  
Altering the LA:FW ratio at veraison (2009-2010 only) did not produce any consistent 
differences in titratable acidity concentrations related to decreasing the leaf area or the 
crop level for either variety with no differences across all treatments for the last three 
sampling points, except for slight differences on DOY 92 (Figure 8-2 c and d). 
8.4.6 LA:FW ratio and pH 
There was no predominant main effect influencing pH at harvest (Table 8-8). There were 
very small differences in pH at harvest and the only difference that reflected crop or leaf 
removal was that pH was lower for the Sauvignon blanc 12 leaves full crop treatment 
compared with the two 12 leaves thinned treatments for LA:FW ratio manipulations at 
fruit set in 2009-2010 (Table 8-9 and Table 8-10). For both seasons and both varieties, 
there were pH differences at several time points for the LA:FW ratio fruit set 
manipulations, but they did not reflect a consistent order of treatments with respect to crop 
or leaf removal (Figure 8-3a, b, e and f). For LA:FW ratio manipulations at veraison 
(2009-2010 only) there were small but inconsistent pH differences at each time point for  
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Figure 8-2 Change in titratable acidity (g tartrate/L) for different Leaf Area to 
Fruit Weight (LA:FW) ratios.  
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio at veraison in 2009-2010, e. Pinot noir, LA:FW 
ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at fruit set 
in 2010-2011. Vertical bars at each time point represent LSD values for Fisher’s 
unprotected LSD test (p<0.05). DOY = Day Of the Year. 
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Figure 8-3 Change in pH for different Leaf Area to Fruit Weight (LA:FW) ratios. 
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio at veraison in 2009-2010, e. Pinot noir, LA:FW 
ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at fruit set 
in 2010-2011. Vertical bars at each time point represent LSD values for Fisher’s 
unprotected LSD test (p<0.05). DOY = Day Of the Year.  
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Pinot noir, but no differences for Sauvignon blanc (except on DOY 99) (Figure 8-3c and 
d). 
8.4.7 LA:FW ratio and average berry weight 
For the fruit set treatments in 2009-2010, there was no consistent trend in treatment 
differences for berry weight at most time points, relative to increasing theoretical LA:FW 
ratios for both varieties (as indicated by the large LSDs in Figure 8-4a and b). However in 
both seasons the main effect of leaf number was significant (p<0.05), where six leaf 
average berry weight was lower than 12 leaf values on all days (except DOY 91 and DOY 
98 for Pinot noir in 2009-2010). For Sauvignon blanc in 2009-2010 only the harvest time 
point showed a consistent trend with respect to leaf number, as all 12 leaf treatments had 
significantly heavier berry weights than the six leaf treatments (Figure 8-4b). 
For Pinot noir in 2010-2011, 12 leaf treatments showed significantly heavier berry weights 
than six leaf treatments for eight sample points (DOY 28, 42, 49, 56, 66, 77 and 89; Figure 
8-4e). On all other dates (except prior to DOY 28) 12 leaves 100% crop treatment had 
significantly heavier average berry weights than six leaves 100% crop treatment. Similar 
trends were observed for Sauvignon blanc in 2010-2011; 12 leaf treatments had 
significantly higher berry weights than the six leaf treatments (for DOY 41, 55, 62, 69, 76, 
83 and 91) and on all days, six leaves 100% crop treatment had a lower average berry 
weight than 12 leaves 100% crop (Figure 8-4f). 
LA:FW manipulations at veraison (2009-2010) had little effect on berry weight throughout 
the maturation period for either variety (Figure 8-4 c and d); small significant differences 
in average berry weight were measured for Pinot noir (DOY 49 63, 91 and 98), but they 
were not related to decreasing leaf area or crop removal (Figure 8-4c). For Sauvignon 
blanc there was a slight difference in average berry weight on DOY 92, where the six 
leaves 100% crop treatment was significantly different to 12 leaves and full crop, but both 
overlapped with all other treatments (Figure 8-4d). 
8.4.8 Interrelationships of berry composition components 
Reducing the LA:FW ratio decreased soluble solids (Figure 8-1) without increasing 
titratable acidity or pH (Figure 8-3). The latter was reflected in a consistent relationship 
between pH and titratable acidity irrespective of LA:FW ratio for all times of treatments, 
seasons or varieties (Figure 8-5). In turn, the soluble solids:titratable acidity ratio was  
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Figure 8-4 Change in berry weight (g) for different Leaf Area to Fruit Weight 
(LA:FW) ratios. 
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio at veraison in 2009-2010, e. Pinot noir, LA:FW 
ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at fruit set 
in 2010-2011. Vertical bars at each time point represent LSD values for Fisher’s 
unprotected LSD test (p<0.05). DOY = Day Of the Year.  
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increased at as LA:FW ratio as decreased by leaf removal or crop removal (Figure 8-6). 
Berry weight was too variable to test a meaningful relationship with soluble solids, pH or 
titratable acidity. 
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Figure 8-5 Relationship between pH and titratable acidity at different Leaf Area 
to Fruit Weight (LA:FW) ratios.  
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio altered at veraison in 2009-2010, e. Pinot noir, 
LA:FW ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at 
fruit set in 2010-2011. 
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Figure 8-6 Relationship between soluble solids and titratable acidity at different 
Leaf Area to Fruit Weight (LA:FW) ratios.  
a. Pinot noir, LA:FW ratio altered at fruit set in 2009-2010, b. Sauvignon blanc, LA:FW 
ratio altered at fruit set 2009-2010, c. Pinot noir, LA:FW ratio altered at veraison in 2009-
2010, d. Sauvignon blanc, LA:FW ratio altered at veraison in 2009-2010, e. Pinot noir, 
LA:FW ratio altered at fruit set in 2010-2011, f. Sauvignon blanc, LA:FW ratio altered at 
fruit set in 2010-2011.  
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8.5 Discussion 
8.5.1 LA:FW manipulations influence onset and rates of soluble solids 
accumulation 
Sadras and Petrie (2011a, b) showed through historical data analysis that early maturity (as 
a result of increased temperatures) was predominantly accounted for by a change of onset 
of maturation, rather than rates of soluble solids accumulation. Results presented in 
Chapter 7 demonstrated that the time of onset was altered by manipulating the LA:FW 
ratio, predominantly through leaf removal. However, results presented here indicate that 
the rate of soluble solids accumulation can also be reduced, particularly at lower LA:FW 
ratios. Manipulating the source-sink relationship at veraison indicated that both leaf 
removal and crop removal altered soluble solids accumulation: under reduced leaf area 
(source limiting conditions in the case of six leaves and full crop), additional crop removal 
reduced duration and increased rates of soluble solids accumulation to values no different 
to those measured for treatments where there was less initial source limitation (12 leaves 
and full crop) (Table 8-6). This would suggest that either other sinks have little effect on 
soluble solids accumulation in the maturation phase even under source limited conditions, 
or that there is potentially some source compensation under source limited conditions. 
Photosynthesis can be stimulated through reducing leaf area so that any initial differences 
in carbohydrate production are compensated shortly after leaf removal at the whole vine 
level (Petrie et al. 2000b, Petrie et al. 2003). Our results indicate that any potential increase 
in photosynthetic activity was insufficient to compensate completely for reduced leaf area 
at high sink demand. However, the results from thinning at veraison (Figure 8-1c and 1d) 
indicated that there was a period of adjustment for soluble solids accumulation where the 
response curve differed for the initial rates, with reduced rates and longer durations for six 
leaf treatments, but subsequently the trajectories were similar after the third time point 
(durations for 8-21 Brix were similar for six and 12 leaf treatments with crop removal). 
This could reflect firstly a period when photosynthesis is not compensated in response to a 
reduced source size, but subsequently the vines do adjust to this reduction in source size 
through increased photosynthetic activity (Petrie et al. 2003). The number of days to reach 
a target of 21 Brix, was often heavily extrapolated from the curve fits (see Figure 8-1 c 
and d and Table 8-3) and therefore did not correspond to a plausible or realistic DOY; 
however these values illustrate the impossibility of reaching that target under the source-
limited conditions tested here.   
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Removal of sinks (fruit) early in the season at fruit set or even up to veraison altered the 
rate of soluble solids accumulation and of soluble solids levels at harvest. However, the 
magnitude of variation in soluble solids at harvest of removing sinks at either time was less 
than the removal of source (leaf) whereby six leaves full crop treatments always had the 
lowest soluble solids. Given that the equivalent ratios also produced similar rates or 
durations for early LA:FW manipulations, the greater effect of leaf removal is therefore a 
result of a combined effect of delaying onset (Chapter 7) and slowing soluble solids 
accumulation. The delay of this onset indicated the lack of source compensation during the 
flowering to veraison period. The lesser influence of crop removal during this period also 
indicated fruit as sinks were not competing with leaf development for carbohydrate 
resources; if this were the case, crop removal would allow allocation of carbohydrates to 
leaves, thereby negating the delay caused by leaf removal (Chapter 7). However, it does 
not exclude the possibility that other competing sinks could contribute to the observed 
delay of veraison under low source conditions.  
8.5.2 Varietal responses to LA:FW manipulations 
Overall, both varieties responded similarly for most traits. However, crop removal at 
veraison in the presence of source limited conditions (six leaves) effected a greater change 
in solids accumulation of Sauvignon blanc than in Pinot noir (reflected in the greater 
differences between thinned and non thinned treatments for the DOY to 21 Brix and rates 
8-21 Brix for Sauvignon blanc). Two possible reasons can be hypothesised for this 
observation. Firstly, the maturation phase for Sauvignon blanc is later in the year than for 
Pinot noir and therefore the cooler temperatures and shorter day lengths could potentially 
be more limiting, reducing rates of accumulation which therefore are altered more when 
crop removal occurs. Secondly, Sauvignon blanc had bigger bunches, so removal of a 
proportion of the crop using bunch numbers to estimate the percentage removal 
corresponded to a greater absolute yield reduction compared to the control (see Chapter 7 
for yield results). Given that the two varieties were not harvested at the same time, it is 
difficult to attribute either reason solely from the harvest results (Table 8-4). Duchêne et 
al. (2012) have shown that rates of soluble solids accumulation for different varieties can 
be normalised using thermal time. Further work to normalise the response of soluble solids 
accumulation using thermal time (degree days) across a greater range of LA:FW 
manipulations would allow the first hypothesis to be tested and warrants further 
investigation. 
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8.5.3 The influence of LA:FW ratio on other maturity parameters 
Tartaric, malic and citric are the main acids considered in grape berries, with tartaric and 
malic acid corresponding to over 90% of the total titratable acidity in berries (Coombe and 
Dry 1992). Although both acids are dependent on photosynthesis for their formation (via 
different biochemical pathways), a lack of photosynthesis is not generally limiting on 
titratable acidity (Jackson and Lombard 1993). Photosynthetic activity was not measured 
for the LA:FW ratios tested in our study but the results indicated that a reduced source size 
had no effect on the titratable acidity. Kliewer (1973) showed that titratable acidity and 
malate must concentrations are negatively correlated with temperature. Malic acid declines 
more slowly under cooler climate conditions (Jackson and Lombard 1993). Although no 
difference in titratable acidity was detected, the possibility that differences in malic acid 
could occur at the different source levels tested here cannot be excluded.  
Previous studies have shown that pH as a measure at maturity is strongly correlated with 
vintage (climate) and variety (van Leeuwen et al. 2004). Our results are consistent with the 
importance of variety on pH levels, as Pinot noir generally had pH values 0.2-0.4 greater 
than Sauvignon blanc (Table 8-5 and 8-6). The range of pH values at harvest was not 
different across different ratio treatments for each variety, indicating LA:FW ratio 
manipulations do not need to be factored into changes in pH. Further analysis of titratable 
acidity and pH levels at each time point supported the notion that the response curve over 
time was also not affected by the LA:FW ratio, and if the date of harvest was altered, no 
effect of different LA:FW ratio conditions needs to be anticipated.  
The soluble solids:titratable acidity ratio can be used as a maturity index and our results 
show that higher yields resulted in lower titratable acidity relative to the target soluble 
solids (Figure 8-1, 8-2 and 8-5). This highlights the importance of understanding the 
repercussions of altering the LA:FW ratio to increase potential yields. Even if target 
soluble solids are met, the balance between metabolites in the berry is offset by such 
manipulations. Other berry components important for wine making need to be considered 
in future work to understand a variety’s response. These include metabolites like 
anthocyanins, thiols, phenolic compounds and amino acids (see Chapter 7 discussion on 
maturity considerations).  
There are many environmental and management factors that may influence soluble solids 
accumulation and other berry components (Jackson and Lombard 1993). Both seasons of 
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our study showed similar trends in the traits measured (soluble solids, pH, titratable acidity 
and berry weight) in response to changed LA:FW ratio manipulations, suggesting little 
impact of other environmental factors. Factors like temperature therefore may have only 
influenced the magnitude of the response (for example a warmer season may reduce 
differences in absolute days between treatments). With regard to management practices, 
laterals were removed in this study to allow a precise control over leaf number, but in 
commercial vineyards these leaves are normally present. The relative contribution of 
laterals on the time of veraison and maturation warrants further investigation.  
8.5.4 Modelling phenology and maturation 
Kliewer and Dokoozlian (2005) have suggested target LA:FW ratios of 0.8-1.2 m2/kg to 
ensure a target berry composition is achieved without source or sink constraint; our results 
here indicate that the method and time of defining the source-sink balance are also 
important determinants in defining the relationship between LA:FW ratio and berry 
composition development and harvest composition for a given variety. The results from 
this study indicate that thinning (early and at veraison) can change rates of soluble solids 
accumulation, whilst removing leaves earlier in the season has a greater influence on the 
start of maturation and rates. The shifts in the time of development and maturation in 
response to LA:FW ratio manipulations offer a potential way to alter timing of phenology 
and maturation in response to increased temperatures or increased CO2 concentrations 
countering the effects of climate change. Thermal time can be useful in predicting veraison 
and the onset of maturation (Caffarra and Eccel 2010, Duchêne et al. 2010, Parker et al. 
2011) and it is possible that an optimal combination of LA:FW ratio and thermal time of 
veraison for a given variety could be determined and incorporated in a temperature-driven 
modelling framework. 
Reducing the LA:FW ratio decreased only the soluble solids levels without increasing 
titratable acidity concentration or decreasing pH; therefore it is possible to delay soluble 
solids accumulation without resulting in all other berry components also being delayed to 
reach target levels. Thus, additional interrelationships between different berry components 
important for target composition will need further analysis if LA:FW ratio manipulations 
were used to as a tool for countering climate change effects on advancing development and 
maturation.  
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8.6 Conclusions 
This study showed that a reduction of the LA:FW ratio decreases soluble solids 
accumulation in grape berries without affecting titratable acid concentrations or pH. 
LA:FW ratio manipulations not only influence target berry composition, they can change 
the time of important developmental and growth processes. The time of veraison, the time 
to reach target soluble solids and the rates of soluble solids accumulation can all be 
influenced by LA:FW ratio manipulations. Leaf removal represents a way to shift the 
timing of maturation, whereas both leaf removal and crop removal represent ways to 
manipulate the soluble solids accumulation phase. LA:FW ratio manipulations combined 
with thermal time models may provide a deeper understanding of how to alter the 
developmental cycle of different varieties in different climate conditions.  
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9.1 Abstract 
Background: The source-sink balance of the grapevine can be manipulated by changing 
the leaf area to fruit weight (LA:FW) ratio, either by removing crop or leaves. It has been 
shown that trimming to a fixed number of main leaves can delay veraison and slow soluble 
solids accumulation, whereas crop removal can increase soluble solids accumulation rates. 
However the response across a large range of LA:FW ratios has not been considered in a 
modelling framework, nor has the effect of laterals on the response been investigated. 
Aims: The objectives were 1) to test different regression models and select the best model 
to quantify the relationship between LA:FW and the onset of maturation (defined as 8 
Brix in Chapter 5), the duration from 8 to 14.2 Brix and soluble solids concentration at 
harvest, 2) to quantify changes in soluble solids accumulation using a thermal time 
modelling approach of the Grapevine Flowering Veraison (GFV) model which would 
allow intra-specific comparisons and 3) assess the relative contribution of laterals on these 
responses. 
Methods: All of the shoots on the four cane Vertical Shoot Position (VSP) vines of 
Sauvignon blanc and Pinot noir vines were trimmed shortly after fruit set, leaving 3, 6, 9, 
12, 15 or 18 main leaves. Three treatment levels were imposed on the following range of 
leaf areas (LA): 1) vines had no bunches removed and laterals removed (‘100% crop, no 
laterals’ as the control) 2) vines had 50% of bunches removed and laterals removed (50% 
crop no laterals) and 3) vines had no bunches removed but laterals (100% crop laterals) 
were retained. The time to reach 8 °Brix and the duration (time from 8 °Brix to 14.2 °Brix) 
were interpolated from individual fits to each experimental replicate and modelled. 
Thermal time calculated using the GFV parameters was tested against the Day Of the Year 
to reach 8 °Brix and the duration from 8 °Brix to the day at which 14.2 Brix was reached. 
Results and discussion: Non-linear models generally gave a better fit of the variable 
measured. The presence of lateral shoots resulted in 8 Brix being achieved earlier than 
other treatments, a faster subsequent rate of soluble solids accumulation (quantified by a 
shorter duration from 8 °Brix to 14.2 Brix) and a higher soluble solids concentration in 
the fruit at harvest. This indicates that laterals played an important role as carbohydrate 
source during the maturation phase. There was very little overlap of LA:FW values 
between the ‘100% crop no laterals’ treatment or ‘100% crop laterals’ treatment and with 
the ‘50% crop no laterals’ treatment. This indicates under the current training system, that 
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it is difficult to achieve high LA:FW values without crop removal. Crop removal resulted 
in the earliest possible time for the DOY at which 8 °Brix was reached, the faster possible 
rate of accumulation (shortest duration from 8 to 14.2 °Brix) and the greatest soluble solids 
concentration at harvest. Modelling using thermal summations indicated reducing the 
LA:FW ratio could create delays of the magnitude of difference observed between early 
and later varieties for time of fruit development. 
Conclusions:  Non-linear modelling made it possible to characterise independently the 
effects of changing the LA:FW ratio on the time to 8 Brix (veraison), rate of soluble 
solids accumulation (measured as the duration in days from 8 to 14.2 °Brix) and the 
soluble solids at harvest. Normalising the onset of maturation in thermal time to 8 Brix in 
response to LA:FW ratio manipulations indicated that reduced LA:FW ratio can 
substantially delay this event to the magnitude of difference observed between early and 
late varieties. The presence of laterals in the system altered the response by advancing the 
onset of maturation slightly, reducing the duration and increasing harvest soluble solids. 
All these responses suggest that the function of laterals acting as sinks on phenological 
timing is negligible, although their role as carbohydrate source during the maturation phase 
is important and influences soluble solids accumulation. The modelling approach provides 
a platform to describe the extent to which reducing the LA:FW ratio may counteract some 
advances in fruit development associated with climate change and the extent to which the 
duration from flowering to veraison is genetically controlled by variety. Further work is 
necessary to characterise y-asymptote values more accurately across all three treatments. 
 
Keywords: Duration from 8 to 14 °Brix, Grapevine Flowering Veraison model, model, 
regression, Pinot noir, Sauvignon blanc, soluble solids, source-sink, veraison, variety, y-
asymptote 
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9.2  Introduction 
Manipulating the LA:FW ratio is one management method that alters the carbohydrate 
source-sink balance in the grapevine. Altering the LA:FW ratio early in the season post-
fruit set (stage 31 on the modified Eichhorn and Lorenz (E-L) scale) (Coombe 1995), by 
crop removal or trimming shoots to reduce the leaf number per shoot resulted in 1) 
changing the timing of veraison with a reduced leaf area being the predominant effect 
causing a delay and 2) changing the rate of soluble solids accumulation from veraison and 
concentration at harvest, whereby both reduced leaf area slowed accumulation and 
conversely crop removal increased rates of soluble accumulation (Chapter 7 and 8). 
LA:FW ratio manipulations have been shown to influence the soluble solids accumulation 
rates even when the manipulations were carried out as late as veraison (Chapter 8). In 
contrast to the effect on soluble solids, changing the LA:FW ratio had very little effect on 
titratable acidity concentration, berry weight or pH irrespective of the degree of leaf or 
crop removal and the time at which the manipulation was imposed (Chapter 8). As a result, 
treatments affected the ratios of these key components of berry composition at harvest. 
The experimental set up of Chapter 7 and 8 allowed an investigation into the relative 
importance of the two main effects (leaf versus crop removal) and means comparisons 
between treatment levels with six combinations being compared in 2009-2010. In 2010-
2011, not only were four treatments repeated but the range of LA:FW ratio treatments has 
been expanded in this study to enable response models to be developed in which the 
influence of source-sink ratio on the timing and rate of soluble solids accumulation can be 
quantified as continuous rather than discrete variables. Such an approach has the added 
advantages that 1) it quantifies the response rather than just looking for trends and 
differences at set time points and 2) the relationship of LA:FW ratio manipulations to 
soluble solids measures can be modelled as a continuum. Such merits of a regression 
approach have been discussed in detail elsewhere, specifically considering the comparison 
of ANOVA design with regression approaches (Cottingham et al. 2005).  
The first objective of this study was to test different regression models and select the best 
model to quantify the relationship between LA:FW ratio and the start of maturation 
(defined as 8 Brix in Chapter 7), the duration from 8 to 14.2 Brix (Chapter 8) and the 
soluble solids concentration at harvest. Given that leaf area had the greatest effect on 
delaying veraison, a range of potential leaf areas were targeted (trimming to 3, 6, 9, 12, 15, 
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and 18 main leaves per shoot), in combination with either 100% crop present or 50% crop 
removal; the aim was to achieve a wide range of LA:FW ratios at the two different crop 
levels.  
A second objective was to quantify changes in soluble solids accumulation using a thermal 
time modelling approach. The Grapevine Flowering Veraison (GVF) model (Parker et al. 
2011) was used for thermal summation calculations in this study, given that it has been 
successfully adapted to model sugar/soluble solids elsewhere (Chapter 4). The use of 
thermal time to model soluble solids post-veraison has provided conflicting results in 
terms of its advantage(s) over absolute time (Sadras and Petrie 2011b, Duchêne et al. 
2012) but the benefits from this approach are that 1) it allows varieties to be normalised to 
a similar time scale so they can be compared (i.e. if one variety starts maturation earlier 
than another then it potentially ripens under different climate conditions) and 2) 
normalising data to temperature means that the values can be compared to other seasons in 
future studies.  
The experimentation into the influence of LA:FW manipulations on veraison and maturity 
parameters (Chapter 7 and 8) involved the removal of all laterals on shoots at the time of 
treatment and the continued removal of any new lateral growth throughout the season. This 
process was carried out to allow a better control of the main leaf area and consequently 
provided an easy means to assess the relative contributions of leaf removal versus crop 
removal on soluble solids accumulation. However, laterals could potentially alter the 
response observed as lateral growth occurs concurrently with berry development; laterals 
can potentially act as competing sinks early in their growth and/or additional sources as the 
leaf area develops and may represent potential sources for berry maturation. Koblet (1969) 
found that leaves on laterals start to export assimilates at 40% of the full leaf size. It was 
also found that removal of laterals four weeks post-flowering reduced sugar in Muller- 
Thurgau (Koblet and Perret 1972). A third objective was therefore defined: to assess the 
relative contribution that laterals have on soluble solids accumulation (compared to the 
control regression with laterals removed), using the regression modelling approach. This 
comparison was considered in the same regression modelling framework as the 
comparison between 100% crop and 50% crop removal.  
 
It was hypothesised for objective 1) that the full crop treatment and 50% crop removal 
treatment will correspond to a single continuum and this would be represented by a 
common line, where the full crop treatments occur at lower LA:FW ratios and the 50% 
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crop removal treatments will correspond to higher LA:FW ratios with overlap along the 
continuum.  
For objective 2) it was hypothesised that the GFV model would outperform modelling 
using absolute time for the influence of LA:FW ratio on the time to 8 Brix, but not for 
rates of initial soluble solids accumulation (quantified as the number of days/duration to go 
from 8 to 14.2 Brix as defined in Chapter 8).  
For objective 3) it was hypothesised the presence of laterals will not alter the time of 
veraison already observed for the same source-sink ratio in the absence of laterals. For 
duration it was hypothesised that once soluble solids accumulation starts, the laterals will 
act as additional sources; as a result, the treatment with laterals present was expected to 
have a shorter duration. The presence of laterals was hypothesised to increase soluble 
solids concentration at harvest. 
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9.3  Methods 
9.3.1 Experimental site 
The experimental site was located on a commercial vineyard in the Wairau valley, 
Marlborough, New Zealand (4132’S, 17351’E). Two rows (two rows apart) of the Vitis 
vinifera L. varieties Sauvignon blanc (clone MS, rootstock R110) and Pinot noir (clone 
777, rootstock 101-14MGt) were used. Both varieties were of similar age (Sauvignon 
blanc was planted in 1997, Pinot noir in 1998). Rows were orientated +15o from North, in 
a North to South direction; vines were planted 1.8 m within and 3.0 m between rows 
respectively.  
9.3.2 Experimental design 
A 3-way factorial experimental design was used: 2 (variety) x 6 (main leaf number per 
shoot) x 3 (crop level) treatment levels of LA:FW ratio manipulations where each replicate 
corresponded to one vineyard bay of three adjacent vines (Table 9-1): 
Table 9-1 Experimental design.  
The numbers indicate the number of replicates per treatment level. A replicate 
corresponded to one vineyard bay of three adjacent vines. 
Treatment Main leaf number 3 6 9 12 15 18 
100% crop 
No laterals (Control) 2 2 2 2 2 2 
50% crop removal 
No laterals 2 4 2 4 2 2 
100% crop 
Laterals present 2 2 2 2 2 2 
Replicates for each variety were randomised in two blocks that were designated by trunk 
circumference size taken as the average of the circumference 10 cm below the head of the 
vine and 10 cm above ground level (two replicates per treatment per variety in each block). 
In the case of four replicates per treatment this corresponded to two replicates per block. 
9.3.3 Vine management 
All vines were pruned to four canes with 12 nodes per cane (August 2010). The lower cane 
was 900 mm and the upper cane 1100 mm from the soil surface, respectively. The canopy 
was trained using VSP, with foliage wires used to maintain the canopy approximately 300 
mm from face to face. Secondary shoots (shoots growing from secondary buds on the node 
or quiescent buds) were removed on all replicates pre-flowering (19-24 November 2010).  
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General vineyard management (fungicide spraying, irrigation, under-vine weed control) 
was undertaken in accordance with New Zealand Sustainable Winegrowing practice 
(http://wineinf.nzwine.com/swnzabout.asp). Leaf and crop removal treatments were 
applied shortly after fruit set; approximately 3.5 weeks after flowering; this corresponded 
to stage 23 on the modified E-L scale (Coombe, 1995) (berries pea size) relative to each 
variety. This occurred on the 29th December 2011 for Pinot noir (25 days after flowering 
and average berry size was 7.73 mm) and on the 5th January (27 days after flowering and 
average berry size was 8.37 mm).  
All of the shoots on the vines were trimmed leaving 3, 6, 9, 12, 15 or 18 main leaves. For 
the ‘no lateral’ treatments, leaves of laterals and lateral shoots were removed at the time of 
treatment application and bi-weekly thereafter until harvest to maintain a fixed number of 
main leaves on all replicates. For the ‘laterals’ treatment, main shoots were trimmed in the 
same way as no lateral treatments but the laterals that remained in the untrimmed region of 
the main shoot were not removed or trimmed at the time of treatment or throughout the 
season. 
For ‘50% crop removal no laterals’, all bunches (apical and basal) were removed on 
alternate shoots along the cane. Where no bunches were present on a shoot, this shoot was 
considered to have been ‘cluster thinned’ and subsequent shoots were adjusted for this. All 
bunches were removed from non-count shoots (shoots growing from the head of the vine 
rather than the cane) for 50% cluster thinning treatments. 
9.3.4 Soluble solids measurements 
A 30-berry sample was collected weekly from each replicate from pre-veraison until 
harvest. The sample was gently crushed by hand, coarsely filtered and soluble solids 
(Brix) were measured using an Atago Pocket PAL-1 Refractometer (Atago Co., Ltd, 
Japan).  
9.3.5 Leaf area and harvest parameters 
Methods of leaf area, yield, berry weight and bunch weight measurements have been 
published previously (Chapter 7). For this experiment, only main leaves were quantified so 
any differences in response to leaf area correlations could therefore reflect 1) an influence 
of crop removal itself on soluble solids parameters or 2) an impact of laterals on the 
response in the case of the regressions for laterals being present. The LA:FW were also 
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calculated for each individual experimental unit from the main leaf area measured at 
harvest and the yield at harvest. 
9.3.6 Modelling of soluble solids accumulation 
For soluble solids accumulation, the exponential three parameter growth curve (Equation 
9-1, also known as the monomolecular equation) was fitted to each experimental replicate 
to data greater than 5 Brix (corresponding to the start of rapid soluble solids accumulation 
at an individual berry level (Chapter 5) 
Equation 9-1 
ݕ ൌ ܽ ൅ ܾݎ௫  
Where a is the y asymptote (in Brix), b<0, 0<r<1 and x is the Day Of Year (DOY). 
The following measures were interpolated from the curve fits: 
1) DOY at which 8 Brix was achieved as an alternate measure to veraison/onset 
of maturation (Chapter 5). 
2) Duration that was comparable across all curves fits, starting at 8 Brix (onset of 
maturation) until 14.2 Brix (as defined in Chapter 8). 
Regression models were also tested for soluble solids values at harvest. GFV calculations 
were carried out for 1) and 2).  
9.3.7 Statistical and modelling analysis 
Linear and non-linear regression models (Equation 9-1 where x is LA or LA:FW), were 
fitted and analysed for the relationship between LA (m2/m row), or LA:FW ratio and each 
response variable (8 Brix, duration measured as the time from 8 to 14.2 Brix and harvest 
soluble solids) for each variety using Genstat 14 (VSN International Ltd., Hemel 
Hempstead, United Kingdom). The models were tested for both absolute time (DOY) and 
thermal time (as calculated by the GFV model); the latter describes a phenological stage 
occurs when a critical state of forcing Sf, defined as a sum of degree-days from a starting 
date t0, reached a particular value F* (Equation 9-1). 
Equation 9-2 
*
0
)()( FxRtS
st
t
tfsf   
And this state of forcing is described as a daily sum of the rate of forcing, Rf, (Equation 9-
3) which starts at t0 defined as the 60th Day of Year for the GFV model (DOY, in the 
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Northern Hemisphere, therefore the DOY 241 in the South Hemisphere which was 29 
August 2010) for the GFV model (Parker et al. 2011):  
Equation 9-3 


 TbxxGDDxR tttf
0
)()(  
Tbx
Tbx
t 

if
if
 
where Tb corresponds to a base temperature set at 0C for GFV (Parker et al. 2011), above 
which the thermal summation is calculated, xt is the daily arithmetic mean temperature (the 
sum of the daily minimum and maximum temperature divided by two).  
The best fit model (the model with the highest R2 value) across all three treatments was 
selected. Where the best fit model was not a single curve for all three treatments, means 
comparison of regressions by the student t-test (significant level p <0.05) were carried out 
to compare the ‘100% crop no laterals’ treatment with the ‘50% crop no laterals’ treatment 
likewise the ‘100% crop no laterals’ with the ‘100% crop laterals’ treatment. The 
comparison of ‘50% crop no laterals’ versus ‘100% crop laterals’ was not considered in 
the statistical analysis. Figures were plotted using Sigmaplot 12 (Systat Software, Inc., 
USA).  
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9.4 Results  
9.4.1 Model choice for DOY to reach 8 Brix, duration (time for 8 to 14.2 
Brix) and harvest soluble solids 
For both varieties, non-linear regression models outperformed linear regression models for 
the relationship between LA or LA:FW ratio and 1) the DOY to reach 8Brix, 2) the 
duration which is measured as the number of days from 8 to 14.2 Brix, or 3) harvest 
soluble solids (Appendix III). The only exceptions where the linear fit was better than the 
non-linear fit for both varieties was for the relationship LA-duration (Table 9-2). There 
was very little difference between regression models which used DOY or GFV in relation 
to LA or LA:FW ratio (Table 9-2 and Table 9-3). Full analysis of all models tested is 
presented in detail in Appendix III; the results for the best fit models are presented herein. 
9.4.2 Non-linear regression models for LA:FW ratio manipulations and the 
onset of maturation as measured at 8 °Brix (DOY)  
For Pinot noir, the best model to describe the relationship between LA and DOY to reach 8 
°Brix was a single non-linear model (common curve) between all treatments (Table 9-2, 
Figure 9-1a); that is, as LA increased, the time to 8 °Brix decreased to the earliest date (y-
asymptote value) of the 29th DOY (29 January 2011), with no difference observed between 
the pair comparisons (‘100% crop no laterals’ versus ‘50% crop no laterals’; ‘100% crop 
no laterals’ versus ‘100% crop laterals’) (Figure 9-1a and Table 9-2). 
For the relationship between LA:FW ratio and DOY to reach 8° Brix for Pinot noir, the 
rate was the same for the non-linear model across all treatments but the y-asymptote value, 
parameter a, was significantly less for ‘100% crop no laterals’ compared with ‘50% crop 
no laterals’, and the y-asymptote value for ‘100% crop laterals present’ was significantly 
less compared to the ‘100% crop no laterals’ (Table 9-2). The same DOY to reach 8 Brix 
occurred at a higher LA:FW ratio for the ‘50% crop no laterals’ treatment compared to the 
‘100% crop no laterals’ although there was no difference between these two treatments for 
LA (Figure 9-1b). The presence of laterals (‘100% crop laterals’) advanced the DOY to 
reach 8 °Brix compared to response in the absence of laterals, (‘100% crop no laterals’) at 
the same LA:FW ratio (Figure 9-1b).  
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Table 9-2 Comparison of Day Of the Year (DOY) regressions by the student t-test (significant level p <0.05) between ‘100% crop no 
laterals’ treatment and a. ‘50% crop no laterals’ treatment and b. ‘100% crop laterals’ treatment. 
Non-linear model refers to the 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	 NA: Not applicable.  
X 
variable Y variable Variety DOY Model 
R2 or  
adjusted  
R2 value 
a) 50% crop, no 
laterals 
b) 100% crop, 
laterals 
Parameter p-value Parameter
p-
value 
LA  8 Brix Pinot noir Single non-linear model, common 
curve 
0.76 NA NA NA NA 
LA:FW  8 Brix Pinot noir Non-linear model, common r and 
b, a different 
0.76 a 0.003 a 0.023 
LA  8 Brix Sauvignon blanc Non-linear model, common r and 
b, a different  
0.81 a 0.002 a 0.003 
LA:FW  8 Brix Sauvignon blanc Non-linear model, common r and 
b, a different 
0.65 a 0.036 a 0.015 
LA Duration  
(8-14.2 Brix) 
(days) 
Pinot noir Linear model, all parameters 
separate 
0.78 Asymptote 
(a) 
<0.001 Asymptote 
(a) 
0.378 
Slope (b) <0.001 Slope (b) 0.600 
LA:FW  Duration  
(8-14.2 Brix) 
(days) 
Pinot noir Non-linear model, parameters a 
and b different, common r 
0.76 a 0.168 a 0.478 
b 0.005 b 0.118 
LA  Duration  
(8-14.2 Brix) 
(days) 
Sauvignon blanc Linear model, parallel lines 0.66 Asymptote 
(a) 
<0.001 Asymptote 
(a) 
<0.001 
LA:FW  Duration  
(8-14.2 Brix) 
(days) 
Sauvignon blanc Non-linear model, a and b 
different, common r 
0.72 a 0.490 a 0.381 
b 0.258 b 0.04 
LA Harvest soluble 
solids (Brix) 
Pinot noir Non-linear model, a and b 
different, common r 
0.72 A 0.443 a 0.357 
B 0.004 b 0.046 
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X 
variable Y variable Variety DOY Model 
R2 or  
adjusted  
R2 value 
a) 50% crop, no 
laterals 
b) 100% crop, 
laterals 
Parameter p-value Parameter
p-
value 
LA:FW  
 
Harvest soluble 
solids (Brix) 
Pinot noir Non-linear model, a and b 
different, common r 
0.73 A 0.268 a 0.156 
B 0.243 b 0.008 
LA Harvest soluble 
solids (Brix) 
Sauvignon blanc Non-linear model, common r and 
b, a different 
0.81 A <0.001 a <0.001 
LA:FW Harvest soluble 
solids (Brix) 
Sauvignon blanc Non-linear model, common r and 
b, a different 
0.76 A 0.229 a <0.001 
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Table 9-3 Comparison of Grapevine Flowering Veraison (GFV) model regressions by the student t-test (significant level p <0.05) 
between ‘100% crop no laterals’ treatment and a. ‘50% crop no laterals’ treatment and b. ‘100% crop laterals’ treatment. 
Non-linear model refers to the 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫. NA: Not applicable. 
X 
variable Y variable Variety GFV Model 
R2 or adjusted 
R2 value 
a. 50% crop, no 
laterals 
b. 100% crop, 
laterals 
Parameter p-value Parameter
p-
value 
LA  8 Brix Pinot noir Single non-linear model,  
common curve 
0.78 NA NA NA NA 
LA:FW  8 Brix Pinot noir Non-linear model  
common r and b, a different 
0.77 A 0.001 a 0.023 
LA  8 Brix Sauvignon 
blanc 
Non-linear model 
 common r and b, a different 
0.80 A 0.003 a 0.004 
LA:FW  8 Brix Sauvignon 
blanc 
Non-linear model, 
common r and b, a different 
0.64 A 0.034 a 0.017 
LA Duration  
(8-14.2 
Brix) 
 (days) 
Pinot noir Linear model,  
all parameters separate 
0.76 Asymptote 
(a) 
<0.001 Asymptote 
(a) 
0.671 
Slope (b)  <0.001 Slope (b)  0.403 
LA:FW  Duration  
(8-14.2 
Brix) 
(days) 
Pinot noir Linear model,  
all parameters separate 
0.75 Asymptote 
(a) 
<0.001 Asymptote 
(a) 
0.114 
Slope (b)  <0.001 Slope (b)  0.708 
LA  Duration  
(8-14.2 
Brix) 
(days) 
Sauvignon 
blanc 
Linear model, parallel lines 0.68 Asymptote 
(a) 
 
<0.001
Asymptote 
(a) 
<0.001 
LA:FW  Duration  
(8-14.2 
Brix) 
(days) 
Sauvignon 
blanc 
Non-linear model,  
common r and b, a different 
0.71 Asymptote 
(a)  
0.013 Asymptote 
(a)  
<0.001 
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Figure 9-1 Models for Pinot noir for the relationship between main leaf area (LA; m2/m of row) or main Leaf Area to Fruit Weight 
ratio (LA:FW; m2/kg) and the Day Of the Year (DOY) to reach 8 Brix for 100% crop, no laterals, or 50% crop, no laterals, or 100% 
crop, laterals.   
Models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression y = 29.05+20.77(0.453x), adjusted R2 
for the non-linear model = 0.76 b. LA:FW ratio regressions, the adjusted R2 = 0.75 for the best non-linear model (common parameters r and b, 
asymptotes, a, different). Solid line (―) represents the non-linear regression for 100% crop no laterals y = 26.53+ 25.43(0.0355x), dashed line 
(―――) represents the non-linear regression for 50% crop no laterals y = 29.33 + 25.43(0.0355x), dashed dot dot (―··) represents the non-
linear regression 100% crop laterals present y = 24.7 +25.43(0.0355x). 
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For Sauvignon blanc, the best non-linear model between LA and DOY to reach 8 °Brix 
was characterised by common rates and slopes but different y-asymptotes (a) for each 
treatment (Figure 9-2a); the y-asymptote value was significantly less for ‘50% crop no 
laterals’ compared with the‘100% crop removal no laterals’ and the y-asymptote value for 
‘100% crop no laterals’ was significantly less compared to the ‘100% crop laterals’ (Table 
9-2 and Figure 9-2a).  
For the regression model of LA:FW ratio and the DOY to reach 8 Brix for Sauvignon 
blanc, the best fit non-linear model was different for the a values of each treatment (y-
asymptotes). This effect was significant for both paired regressions ‘100% crop no laterals’ 
versus ‘50% crop no laterals’ and ‘100% crop no laterals’ versus ‘100% crop laterals’ 
(Table 9-2, Figure 9-2b). At the same main LA:FW ratio, the DOY to reach 8 Brix was 
later for ‘50% crop no laterals’ compared with ‘100% crop no laterals’; the ‘100% crop 
laterals’ had an earlier DOY of 8 °Brix than in the absence of laterals (‘100% crop no 
laterals’) (Figure 9-2b); these findings confirmed the same response that was observed for 
Pinot noir (Table 9-2 and Figure 9-2a). 
9.4.3 Non-linear regression models for LA:FW ratio manipulations and the 
onset of maturation as measured using the thermal summation 
calculated with the GFV model corresponding to the DOY to reach 8 
°Brix  
For Pinot noir, the LA regression using the thermal summation for the DOY to 8 Brix 
calculated by the GFV model was the same for all three treatments (Table 9-3 and Figure 
9-3a). For the LA:FW ratio regression the best non-linear model had a significantly 
smaller y-asymptote value, a, for ‘100% crop no laterals’ compared to the ‘50% crop no 
laterals’ (Table 9-3 and Figure 9-3b) and likewise the comparison of ‘100 crop laterals’ 
had a significantly smaller y-asymptote, a, than ‘100% crop laterals’ (Table 9-3 and Figure 
9-3b). The range for y-asymptotes varied by 94 C.d. but the y-asymptote fits for the 
LA:FW ratio response corresponded to similar thermal summation values to that obtained 
by the LA regression (Figure 9-3a compared to Figure 9-3b); for the ‘50% crop no laterals’ 
treatment, where the plateau was fitted to more data points than the other treatments, the 
optimal GFV value for the time to reach 8 Brix was 2231 C.d. (Figure 9-3b). 
For Sauvignon blanc, the best fit model for the relationship between LA and the DOY to 
reach 8 Brix measured in thermal time (GFV) was a non-linear model (common 
parameters r and b, asymptotes, a, different) (Table 9-3 and Figure 9-4a). The fitted a 
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Figure 9-2 Models for Sauvignon blanc for the relationship between main leaf area (LA; m2/m of row) or main Leaf Area to Fruit 
Weight ratio (LA:FW; m2/kg) and the Day Of the Year (DOY) to reach 8 Brix for 100% crop, no laterals, or 50% crop, no laterals, or 
100% crop, laterals. 
Models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression the adjusted R2 = 0.81 for the best 
non-linear model (common parameters r and b, asymptotes, a, different). Solid line (―) represents the non-linear regression for 100% crop no 
laterals y = 35.07+31.38(0.707x), dashed line (――) represents the non-linear regression for 50% crop no laterals y = 32.24+31.38(0.707x), 
dashed dot dot (―··) represents the non-linear regression for 100% crop laterals present y = 32.12+31.38(0.707x). b. LA:FW ratio regressions, 
the adjusted R2 = 0.65 for the best non-linear model (common parameters r and b, asymptotes, a, different). Solid line (―) represents the non-
linear regression for 100% crop no laterals y = 38.87+30.96(0.0603x), dashed line (――) represents the non-linear regression for 50% crop no 
laterals y = 41.59+30.96(0.0603x), dashed dot dot (―··) represents the non-linear regression 100% crop laterals present y = 
35.83+30.96(0.0603x). 
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Figure 9-3 Models for Pinot noir for the relationship between main Leaf Area (LA; m2/m of row) or main Leaf Area to Fruit Weight 
ratio (LA:FW; m2/kg) and Grapevine Flowering Veraison (GFV) model summation for the Day Of the Year (DOY) to reach 8 Brix for 
100% crop, no laterals, or 50% crop, no laterals, or 100% crop, laterals. 
Models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression y = 2226+409(0.467x), adjusted R2 for 
the non-linear model = 0.78, b. LA:FW ratio regressions, the adjusted R2 = 0.77 for the best non-linear model (common parameters r and b, 
asymptotes, a, different). Solid line (―) represents the non-linear regression for 100% crop no laterals y = 2171+499.5(0.0421x), dashed line 
(――――) represents the non-linear regression for 50% crop no laterals y = 2231+499.5(0.0421x), dashed dot dot (―··) represents the non-
linear regression for 100% crop laterals present y = 2137+499.5(0.0421x). 
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Figure 9-4 Models for Sauvignon blanc for the relationship between main leaf area (LA; m2/m of row) or main leaf area to fruit 
weight ratio (LA:FW; m2/kg) and the Grapevine Flowering Veraison (GFV) model summation for the Day Of the Year (DOY) to reach 
8 Brix for 100% crop, no laterals, or 50% crop, no laterals, or 100% crop, laterals.  
Models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression the adjusted R2 = 0.65 for the best non 
linear model (common parameters, r and b, asymptotes, a, different). Solid line (―) represents the non-linear regression for 100% crop no 
laterals y = 2342+566.7(0.725x), dashed line (――――) represents the non-linear regression for 50% crop no laterals y = 2294+566.7(0.725x), 
dashed dot dot (―··) represents the non-linear regression for 100% crop laterals present y = 2291+566.7(0.725x), b. LA:FW ratio regressions, 
the adjusted R2 = 0.64 for the best non-linear model (common parameters r and b, asymptotes, a, different). Solid line (―) represents the non-
linear regression for 100% crop no laterals y = 2431+540.7(0.0603x), dashed line (――――) represents the non-linear regression for 50% crop 
no laterals y = 2480+540.7(0.0603x), dashed dot dot (―··) represents the non-linear regression for 100% crop laterals present y = 
2379+540.7(0.0603x).  
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values were significantly different for both paired comparisons ‘100 crop no laterals’ 
versus ‘50% crop no laterals’ (a value smaller with 50% crop removal) and ‘100% crop no 
laterals’ versus ‘100% crop laterals’ (a smaller in the presence of laterals) (Table 9-3 and 
Figure 9-4b). The range of plateau values (y-asymptotes, a) for the DOY to reach 8 Brix 
was only 51 C.d.  
The best fit non-linear model of LA:FW ratio and GFV at 8 Brix for Sauvignon blanc had 
common parameters r and b, and different asymptotes (a) (Table 9-3). The y-asymptote 
values of the ‘100% crop no laterals treatment’ was significantly less than that obtained for 
the ‘50% crop no laterals treatment’ (Table 9-3 and Figure 9-4b); likewise the y-asymptote 
value for the ‘100% crop laterals’ treatment was significantly less than the ‘100% crop no 
laterals’ treatment (Table 9-3 and Figure 9-4b). The y-asymptote range equalled 111 C.d. 
and for the ‘50% crop no laterals’ treatment, where the plateau was fitted to more data 
points than the other treatments, the optimal GFV value for the time to reach 8 Brix was 
2480 C.d. (Figure 9-4b). 
A severely reduced LA:FW ratio value of 0.25 m2/kg and a moderately reduced LA:FW 
ratio value of 0.5 m2/kg were interpolated for the LA:FW ratio relationship with respect to 
GFV thermal time for the ‘50% crop no laterals treatment’ given that this treatment had 
data that corresponded to the plateau region of the DOY to reach 8 Brix (therefore the y-
asymptote value fitted to the plateau is derived from the actual data) (Figure 9-3b and 
Figure 9-4b). For Pinot noir, it was calculated that at low LA:FW ratio of 0.25 m2/kg 
(source limited conditions) the thermal summation value increased to 2457 C.d., 226 
C.d. greater than the value obtained for the earliest thermal time value for 8 Brix (2231 
C.d.). For a moderate but still source limited LA:FW ratio of 0.5 m2/kg this value was 
reduced to 2333 C.d. (a difference of 102 C.d. compared to the value obtained for the y-
asymptote). For Sauvignon blanc the thermal summation values at 0.25 and 0.5 m2/kg 
LA:FW ratio were 2748 and 2612 C.d. respectively representing a delay of 268 and 133 
C.d. compared to the y-asymptote value of 2480 C.d. The difference between Sauvignon 
blanc and Pinot noir in their thermal summation value to reach veraison using the GFV 
model was 18 C.d. (Chapter 3). 
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9.4.4 Regression models for relationship between LA, LA:FW ratio and 
duration from 8 to 14.2 °Brix 
There was very little difference in the modelling approach used for LA, and LA:FW ratio 
correlated to the duration from 8 to 14 °Brix estimated using real time (days) versus 
thermal time by the GFV model for either varieties (Table 9-2 and Table 9-3). 
For modelling the response of duration in days with respect to LA for Pinot noir, the best 
model was each treatment fitted separately using a linear response. ‘100% crop no laterals’ 
and ‘50% crop no laterals were significantly different for all parameters (Table 9-2) with a 
significantly reduced duration in the case of ‘50% crop no laterals’. The ‘50% crop no 
laterals’ treatment had less variation in duration from 8 to 14.2 Brix across a wide range 
of leaf areas, with the duration almost being the same (linear response approaching a 
horizontal line) across all leaf areas tested (Figure 9-5a). The ‘100% crop no laterals’ and 
‘100% crop laterals’ were parallel responses with significantly different intercepts (Table 
9-2). That is the presence of laterals reduced the duration by a consistent magnitude (i.e. 
the rate of soluble solids accumulation was faster) compared to the control at a given LA 
(Figure 9-5a).  
The relationship between LA:FW ratio and duration 8-14.2 °Brix (days) for Pinot noir was 
best described by a non-linear model with a and b separate, common r (Table 9-3 and 
Figure 9-5b). The ‘50% crop no laterals’ treatment was statistically different to the ‘100% 
crop no laterals’ treatment with the r value being approximately 3-fold less for the ‘50% 
crop no laterals’ treatment (reflecting a more level response, similar to that observed for 
the relationship with LA) (Figure 9-5b). The presence of laterals did not change the 
relationship between LA:FW ratio and duration compared to the control, the ‘100% crop 
laterals’ treatment was not statistically different in response to the ‘100% crop no laterals’ 
treatment (Table 9-2). The minimum duration from 8 to 14.2 Brix (i.e. fastest rate) 
defined by the y-asymptote of the ‘50% crop no laterals’ treatments for LA:FW ratio was 
16.61 days (Figure 9-5b). 
For Sauvignon blanc the relationship between LA and duration from 8 to 14.2 Brix was 
best described by a linear model with parallel lines (Figure 9-6a): ‘50% crop no laterals’ 
significantly reduced the duration compared to ‘100% crop no laterals’; likewise the 
presence of laterals, (‘100% crop laterals’) significantly reduced the duration compared to 
the ‘100% crop no laterals’ at the same LA (Table 9-3 and Figure 9-6a).
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Figure 9-5 Models for Pinot noir the relationship between main Leaf Area (LA; m2/m of row) or main Leaf Area to Fruit Weight 
ratio (LA:FW; m2/kg) and duration (number of days to go from 8 Brix to 14.2 Brix) for 100% crop, no laterals, or 50% crop, no 
laterals, or 100% crop, laterals. 
Non-linear models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression the adjusted R2 = 0. 78 for 
the best linear model (all parameters separate). Solid line (―) represents the linear regression for 100% crop no laterals y = 31.24-4.355x, 
dashed line (――――) represents the linear regression for 50% crop no laterals y = 20.93-1.112x, dashed dot dot (―··) represents the linear 
regression for 100% crop laterals present y = 29.69-4.836x. b. LA:FW ratio regressions, the adjusted R2 = 0.81 for the best non-linear model a 
and b separate, common r. Solid line (―) represents the non-linear regression for 100% crop no laterals y = 10.46+27.03(0.0846x), dashed line 
(――――) represents the non-linear regression for 50% crop no laterals y = 16.61+7.809(0.0846x), dashed dot dot (―··) represents the non-
linear regression for 100% crop laterals present y = 10.33+21.69(0.0846x). 
LA (m2/m)
0 1 2 3 4 5
D
u
r
a
t
i
o
n
 
(
8
-
1
4
.
2
o
B
r
i
x
)
14
16
18
20
22
24
26
28
30
32
100% crop, no laterals
50% crop, no laterals
100% crop, laterals
a
LA:FW (m2/kg)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
D
u
r
a
t
i
o
n
 
(
d
a
y
s
 
f
r
o
m
 
8
-
 
1
4
o
B
r
i
x
)
14
16
18
20
22
24
26
28
30
32
100% crop, no laterals
50% crop, no laterals
100% crop, laterals
b
200 
 
 
Figure 9-6 Models for Sauvignon blanc and the relationship between main Leaf Area (LA; m2/m of row) or main Leaf Area to Fruit 
Weight ratio (LA:FW; m2/kg) and duration (number of days to go from 8 Brix to 14.2 Brix) for 100% crop, no laterals, or 50% crop, 
no laterals, or 100% crop, laterals. 
Non-linear models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression the adjusted R2 = 0.66 for 
the best linear model (parallel lines). Solid line (―) represents the non-linear regression for 100% crop no laterals y = 33.12-3.856x, dashed line 
(――――) represents the non-linear regression for 50% crop no laterals y = 33.12-10.966x, dashed dot dot (―··) represents 100% crop laterals 
present y = 33.12-10.496x. b. LA:FW ratio regressions, the adjusted R2 = 0.72 for the best non-linear model a and b separate, common r. Solid 
line (―) represents the non-linear regression for 100% crop no laterals y = 12.79+34.49(0.0464x), dashed line (――――) represents the non-
linear regression for 50% crop no laterals y = 12.66+27.87(0.0464x), dashed dot dot (―··) represents the non-linear regression for 100% crop 
laterals present y = 14.05+12.10(0.0464x). 
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For Sauvignon blanc the best fit model for the relationship between LA:FW ratio and 
duration from 8 to 14 °Brix (days) was a non-linear model with a and b separate and a 
common r (Table 9-3 and Figure 9-6b). Contrary to the same relationship for Pinot noir, 
there was no difference between the ‘100% crop no laterals’ treatment and the ‘50% crop 
no laterals’ treatment; these responses overlapped for Sauvignon blanc and were one 
continuum (Figure 9-6b) whereas they were separate for Pinot noir (Figure 9-5b). 
However, the ‘100% crop no laterals’ treatment was significantly different to the ‘100% 
crop laterals’ treatment. For the LA:FW ratios in the range of 0.2-0.8 m2/g, the duration 
from 8 to 14.2 Brix was less in the presence of laterals (Figure 9-6b).  
The duration for both 100% treatments for the time to reach 8 Brix for both varieties 
never corresponded to LA:FW ratio values along the y-asymptote portion of the response 
curve (Figures 9-5b and Figure 9-6b). 
9.4.5 Regression model choice and analysis for relationships between LA, 
LA:FW ratio and soluble solids at harvest 
The best fit non-linear regression model for the relationship between LA and harvest 
soluble solids for Pinot noir indicated that for ‘100% crop no laterals’ versus ‘50% crop no 
laterals’, the b values for curve fits were significantly different (Table 9-2). However, the 
y-asymptote values, a, and r values were not statistically different (Table 9-2 and Figure 9-
7a). At any given LA, harvest soluble solids was greater in the case of the ‘50% crop no 
laterals treatment’ compared to the ‘100 crop no laterals treatment’ (Figure 9-7a). The 
curve fits for ‘100% crop no laterals’ and ‘100% crop laterals’ were statistically different 
for the parameter b, but the y-asymptote values, a, and r values were not statistically 
different (Table 9-2 and Figure 9-7a). At lower LA values the presence of laterals, (‘100% 
crop no laterals’) increased the soluble solids levels at harvest compared to the soluble 
solids in the absence of laterals (‘100% crop no laterals’) (Figure 9-6a and Table 9-2). The 
maximal soluble solids at harvest for Pinot noir (LA non-limiting) was found to be in the 
range of 22.9-23.2 Brix (Figure 9-7a).  
The LA:FW ratio-harvest soluble solids model for Pinot noir corresponded to a non-linear 
model with a and b separate, common r (Table 9-3 and Figure 9-7b). However, the pair-
wise comparison of ‘100% crop no laterals’ and ‘50% crop no laterals’ were not 
significantly different for all parameters (Table 9-3) and therefore could be considered as 
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Figure 9-7 Models for Pinot noir for the relationship between main Leaf Area (LA; m2/m of row) or main Leaf Area to Fruit Weight 
ratio (LA:FW; m2/kg) and harvest soluble solids (Brix) for 100% crop, no laterals, or 50% crop, no laterals, or 100% crop, laterals.  
Models were of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	 a. LA regression the adjusted R2 = 0.72 for the best 
non-linear model the adjusted R2 = 0.73 for the best non-linear model (separate a and b, common r). Solid line (―) represents the non-linear 
regression for 100% crop no laterals y = 23.22-9.862(0.5410x), dashed line (――――) represents the non-linear regression for 50% crop no 
laterals y = 23.05-4.819(0.5410x), dashed dot dot (―··) represents the non-linear regression for 100% crop laterals present y = 22.87-
6.413(0.5410x). b. LA:FW ratio regressions, the adjusted R2 = 0.73 for the best non-linear model (common r and b, asymptotes, a, different). 
Solid line (―) represents the non-linear regression for 100% crop no laterals y = 23.14-12.19(0.0142x), dashed line (――――) represents the 
non-linear regression for 50% crop no laterals y = 22.46 -8.733(0.0142x), dashed dot dot (―··) represents the non-linear regression for 100% 
crop laterals present y = 22.51-6.387(0.0142x). All replicates were harvested on the same day (DOY = 89).  
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one continuous response. Parameter b was statistically different for ‘100% crop no laterals’ 
versus ‘100% crop laterals’ treatments (Table 9-3), that is the form of the curve differed 
(Figure 9-7). The y-asymptote value (potential maximum soluble solids with LA:FW ratio 
non-limiting) was approximately 23 Brix across the three treatments.  
 The best fit non-linear model with all separate a and b, common r for the relationship 
between LA and soluble solids at harvest for Sauvignon blanc was significantly different 
for the comparison of ‘100% crop no laterals’ versus ‘50% crop no laterals’ for the 
asymptote values (a), but parameters r and b were not different (Table 9-5). The ‘100% 
crop laterals’ treatment also had a significantly greater soluble solids y-asymptote value 
than the ‘100% crop no laterals’ treatment (Table 9-5). Therefore three treatments had 
similar curve functions but different potential maximum soluble solids for the pair-wise 
comparisons (Figure 9-8a).  
For the relationship between LA:FW ratio and soluble solids at harvest in Sauvignon blanc 
the best fit model was non-linear, common r and b values but different y-asymptote values 
(a). Comparing the curve response of the ‘100% crop no laterals’ versus the ‘50% crop no 
laterals’, the a value for each curve was not significantly different, indicating that these 
two treatments essentially represent a continuum of response (Figure 9-9b). The ‘100% 
crop no laterals’ treatment versus the ‘100% crop laterals’ treatment were significantly 
different for the asymptote values (a) with the laterals present y-asymptote corresponding 
to a greater soluble solids at harvest (24.0 versus 26.7 Brix for ‘100% crop no laterals’ 
and ‘100% crop laterals’ respectively). 
9.4.6 Comparison of varieties for GFV model for the DOY to 8 Brix and 
harvest soluble solids 
Given that the three different treatments were statistically different for the relationship 
between LA:FW ratio and the GFV model for the DOY to 8 Brix, the one treatment ‘50% 
crop no laterals’ was compared between Sauvignon blanc and Pinot noir; this treatment 
had the most data corresponding to the y-asymptote region (the earliest time of veraison) 
(Table 9-3 and Figure 9-3b and 9-4b). Comparison of these two regressions indicated that 
the form of the curve for both varieties was the same; that is the increase in GFV value in 
response to decreased LA:FW ratio started to occur around the same threshold LA:FW 
ratio and by the same magnitude. The y-asymptotes were statistically different (Figure 9-
9). 
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Figure 9-8 Models for Sauvignon blanc for the relationship between main Leaf Area (LA; m2/m of row) or main Leaf Area to Fruit 
Weight ratio (LA:FW; m2/kg) and harvest soluble solids (Brix) for 100% crop, no laterals, or 50% crop, no laterals, or 100% crop, 
laterals. 
The model was of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫.	a. LA regression the adjusted R2 = 0.81. Solid line 
(―) represents the non-linear regression for 100% crop no laterals y = 25.24-13.94(0.723x), dashed line (――――) represents the non-linear 
regression for 50% crop no laterals y = 28.35 -13.94(0.723x), dashed dot dot (―··) represents 100% crop laterals present y = 27.81-
13.94(0.723x). b. LA:FW ratio regressions, the adjusted R2 = 0.76 for the best non-linear model (common r and b, asymptotes, a, different). Solid 
line (―) represents the non-linear regression for 100% crop no laterals y = 24.03-14.17(0.0844x), dashed line (――――) represents the non-
linear regression for 50% crop no laterals y = 24.48-14.17(0.0844x), dashed dot dot (―··) represents the non-linear regression for 100% crop 
laterals present y = 26.65-14.17(0.0844x). All replicates were harvested on the same day (DOY = 96). 
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Figure 9-9 Models for the relationship between main Leaf Area to Fruit Weight 
ratio (LA:FW; m2/kg) and the Grapevine Flowering Veraison (GFV) model 
summation for the Day Of the Year (DOY) to reach 8 Brix for Pinot noir and 
Sauvignon blanc (with 50% crop removal no laterals).  
The model was of the form of the non-linear 3-parameter exponential model, ݕ ൌ ܽ ൅
ܾݎ௫.	 LA:FW ratio regressions, the adjusted R2 = 0.91 for the best non-linear model 
(common r and b, asymptotes, a, different). For Pinot noir y = 2211+558.1(0.0509x), 
Sauvignon blanc y = 2485+ 558.1(0.0509x).  
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9.5 Discussion 
9.5.1 Absolute time versus thermal time modelling 
The value of °C.d. as estimated by the GFV model or DOY to estimate the time to 8 oBrix 
depended on the variety being considered. The GFV time approach gave a better fit than 
the DOY model (for both LA and LA:FW ratio) when considering Pinot noir, in contrast 
DOY gave a better fit in the LA model for Sauvignon blanc, and there was very little 
difference between the two approaches for the LA:FW ratio non-linear models (Table 9-5). 
Given that one site and one season were tested, it is likely that the lack of difference 
between the two approaches is due the fact that they are highly correlated over the range 
measured. Thus hypothesis 2) was neither proven nor disproven. 
When compared to the full crop, no lateral treatment, the 50% crop removal resulted in a 
different relationship between LA:FW ratio and DOY 8 oBrix for both Pinot noir and 
Sauvignon blanc indicating that at a similar LA:FW ratio, removing crop will not advance 
the date of veraison as much as an increase in leaf area. This possibly reflects the role of 
other non-fruit sinks in the vine, diverting photosynthates from the fruit. The ‘100% crop 
no laterals’ treatment did not reach the DOY 8 oBrix y-asymptote for either variety and 
was earlier at the same LA:FW ratio (Figure 9-1b, 9-2b, 9-3b and 9-4b). This may mean 
that to minimise the time to 8 oBrix, a greater leaf area (>18 leaves per shoot) is required 
when vines are at full crop. This may be limited by the plastochron and the rate of 
appearance of leaves. Alternatively the earliest time that fruit can reach 8 oBrix is 
approximately 29 and 42 DOY for Pinot noir and Sauvignon blanc respectively (the y-
asymptote), but to test this increased leaf area and/or treatments to minimise carbohydrate 
export from shoots is needed.   
 In Marlborough the majority of Sauvignon blanc, and to a small extent Pinot noir vines 
are trained using four cane VSP management. These results suggest that under this 
management 1) vines are not going through phenological development at the earliest 
possible time for a given variety, and 2) the delay represented by the reduced leaf area 
offers a potential management tool to stall the maturation phase. The second purpose could 
be useful in the face of increasing temperatures as a result of climate change.  
The ‘50% crop no laterals’ treatment was the only treatment that had LA:FW ratios along 
the plateau of GFV summation (Figure 9-3b). For Pinot noir, the fitted thermal summation 
value for this treatment was 2211 C.d., which can be considered the earliest thermal time 
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for the DOY to reach 8 Brix for Pinot noir. This value is substantially advanced to the 
value obtained for phenological modelling of historical data for Pinot noir in the Northern 
hemisphere but colour change was used for the historical data (Chapter 3) (F* = 2510), not 
the DOY to reach 8 Brix. Further validation of the y-asymptote value is required (more 
data) to either confirm or negate the value obtained in the data fit of this study (Chapter 3). 
The plateau value for GFV DOY to reach 8 Brix Sauvignon blanc for the ‘50% crop no 
laterals treatment’ was 2485 C.d. which is consistent with the value obtained for the 
phenological modelling of historical data for softness for Sauvignon blanc in the Northern 
hemisphere (F* = 2528 C.d.) although slightly outside the lower bound CI value of 2501 
C.d. (Chapter 3). 
The delays in the DOY to reach 8 Brix for Pinot noir even up to 1 m2/kg therefore offer a 
potential tool to delay the timing of the onset of maturation for Pinot noir (DOY to reach 8 
Brix) beyond the earliest thermal timing for Sauvignon blanc. The magnitude of change 
between the 0.25 m2/kg values at the optimal GFV thermal summation (y-asymptote) for 
both varieties was approximately 250 C.d. Using the F* values characterised in Chapter 3 
(Pinot noir F* = 2510 C.d. and Sauvignon blanc F* = 2528 C.d.) this is an equivalent 
difference of delaying the onset of either variety to the same time as a late maturation 
variety such as Mourvèdre (F* value in Chapter 3 = 2726 C.d.). At the 0.5 m2/kg LA:FW 
ratio threshold the difference for both varieties compared to the earliest value was 
approximately 100 C.d.; this would correspond to delaying either variety to the time of 
Merlot or Syrah. Figure 9-9 illustrated that the effect of LA:FW ratio on the DOY to 8 
°Brix is the same for both Pinot noir and Sauvignon blanc if the data are normalised and 
the genetic differences of the two varieties (different y-asymptotes) are ignored. Therefore, 
any LA:FW ratio values along the y-asymptote represent the genetic x environment 
relationship (in this case temperature) and any values above this threshold represent the 
genetic x management interaction. Further work could be carried out to improve the fit of 
the y-asymptotes and the threshold LA:FW ratio at which the GFV values start to increase 
from the earliest possible value.  
These results illustrate that altering the LA:FW ratio represents a real potential tool to 
change developmental timing as an alternative to changing from an earlier variety to a later 
one. If this technique is used it must be realised that secondary metabolites may be 
affected. 
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9.5.2 Crop removal alters the LA:FW ratio and time of veraison  
The apparent earlier veraison of ‘100% crop no laterals’ for both pair wise comparison 
with ‘50% crop no laterals’ at a given LA:FW ratio could be due to: 
1) Fruit is acting as only one of a number of sinks and possible not the major one at 
this stage of development so subsequent removal of fruit is having little additive 
effect on changing the time of veraison; this is supported by the fact that roots are a 
predominant sink during the period between bloom and veraison accumulation 
starch reserves (Bennett et al. 2005). 
2) Different magnitude of effect by changing the leaf versus fruit component of the 
LA:FW ratio: increasing the ratio by crop removal will only advance it to a certain 
amount due to a level of physiological control in the berry; increasing the LA:FW 
ratio via retaining leaves has a greater ability to alter timing. 
3) Genetic control within the berry limits the magnitude by which veraison can be 
advanced by crop removal, whereby the role and speed of seed development 
(timing of maturity) may contribute to this signal. 
9.5.3 Modelling rates and duration (from 8 to 14.2 Brix)  
Like the timing of veraison, the hypothesis that the time from 8 to 14.2 oBrix will be a 
reflection solely of the LA:FW ratio and independent of whether this is achieved by 
changes in leaf area or fruit removal was disproved. The r value was approximately 3-fold 
less for the 50% crop removal treatment reflecting a more level response, similar to that 
observed for the relationship with LA (Figure 9-5b). This may be in part due to the lack of 
overlap between treatments and therefore the y-asymptote value for the response at 100% 
crop was not fitted to actual data. Given the range of trimming heights that were tested the 
only possibility that remains to be tested to better characterise the overlap between the two 
treatments is crop removal treatments between 0% and 50%. 
9.5.4 Laterals influence soluble solids accumulation post-veraison 
The regression and curve for ‘100% crop, laterals’ differed to that of the ‘100% crop no 
laterals’ disproving the hypothesis 3) that “the presence of laterals will not alter the time of 
veraison already observed for the same source-sink ratio in the absence of laterals”.  
Veraison was advanced in the presence of laterals indicating they were acting as 
carbohydrates sources even pre-veraison. Given that the laterals were not quantified in 
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terms of photosynthetic source activity, carbohydrate translocation activity, or source size 
(leaf area or fresh weight) it is not possible to deduce their relative source –sink strength 
during the period from flowering to veraison and more work is required to elucidate at 
what point they switch from a pre-dominant sink function to that of a source; Koblet 
(1969) found that leaves on laterals start to export assimilates at 40% of the full leaf size 
therefore it is likely on a lateral shoot, different lateral leaves may be acting as sources or 
sinks depending on their leaf size. 
For duration from 8 to 14 oBrix is was hypothesised that once soluble solids accumulation 
starts the laterals will act as additional sources; as a result the ‘100% crop laterals’ 
treatment will have a different response, and shorter duration compared to the ‘100% crop 
no laterals’ treatment; the results support this hypothesis. The presence of laterals did 
reduce the duration at any LA:FW ratio compared to the de-lateral control. It could be 
hypothesised that at low LA:FW ratios, the canopy density is reduced (especially in the 
case of no laterals) and therefore maximal light interception and photosynthetic rates can 
occur. However, at the low main LA:FW ratio for the ‘100% crop laterals’ treatment, there 
was additional leaf area (not quantified) present due to the laterals and therefore a 
potentially denser canopy. Instead, the duration was reduced. This indicates that at these 
low LA:FW ratios, source activity may be increased but the presence of additional source 
size represented by laterals has not reduced the activity rates and therefore the relative 
source contribution is greater. It is not possible to quantify this interpretation from our 
results, but it could be verified in future studies by measuring the relative source size and 
activity. There were differences in the responses observed for each variety between the 
‘100% crop no laterals’ and ‘100% crop laterals treatment’; the presence of laterals have a 
greater effect on reducing the duration for Sauvignon blanc than Pinot noir. A possible 
hypothesis behind this is that the laterals may have contributed to a greater proportion of 
leaf area and consequently a bigger source pool for Sauvignon blanc than Pinot noir; 
further experimentation would need to be carried out to verify or negate this.  
9.5.5 Harvest soluble solids  
The original hypothesis that the soluble solids relationships at harvest will reflect the 
LA:FW ratio and be independent of full crop and 50% crop removal treatments was 
supported by harvest results for both varieties (Figure 9-7b and 9-8b). The hypothesis that 
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the presence of laterals increase harvest soluble solids was also supported by our results 
indicating that the laterals act as additional sources during maturation.  
For both varieties, at any given LA the soluble solids at harvest was always greater for the 
‘50% crop no laterals treatment’ compared to the ‘100 crop no laterals treatment’ 
indicating the crop removal not only reduced the duration measured but also increased 
harvest soluble solids (Figure 9-7a).  
9.6 Conclusions 
Non-linear modelling made it possible to characterise independently the effects of 
changing the LA:FW ratio on the time to 8 Brix (veraison), rate of soluble solids 
accumulation (measured as the duration in days from 8 to 14.2 °Brix) and the soluble 
solids at harvest. Normalising the onset of maturation in thermal time to 8 Brix in 
response to LA:FW ratio manipulations indicated that reduced LA:FW ratio can 
substantially delay this event to the magnitude of difference observed between early and 
late varieties. The presence of laterals in the system altered the response by advancing the 
onset of maturation slightly, reducing the duration and increasing harvest soluble solids. 
All these responses suggest that the function of laterals acting as sinks is negligible, 
although their role as carbohydrate source during the maturation phase influences soluble 
solids accumulation. Further work is necessary to characterise y-asymptote values more 
accurately across all three treatments. 
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    Chapter 10 
Discussion 
To understand differences between varieties in response to the environment and to 
viticultural practices there are several different approaches and scales to address these 
interactions. Modelling such processes can offer an insight into responses and predictions 
in the future. The findings of thesis have been summarised in one overall scheme (Figure 
10-1).  
10.1 Central questions  
Three central questions were developed in the introduction:  
1) What are the differences in phenology (flowering and veraison) and berry 
composition between varieties as a function of thermal time?  
2) How does the LA:FW ratio influence varietal phenology, timing and evolution of 
berry composition? 
3) To what extent do varieties behave in similar way at the same LA:FW ratio?  
For question 1) the main findings are the differences in phenology and berry composition 
between varieties can be predicted by the GFV model for approximately 100 varieties for 
flowering and veraison and 35 varieties have been characterised for one component of 
berry composition, the time to achieve a sugar concentration of 200g/L. Seven different 
models were tested for the sugar concentration modelling, and they were very similar for 
the whole dataset (species level) with the Sigmoid model being the most efficient and 
parsimonious and GFV the next most parsimonious in that it used the least number of 
parameters. 
For question 2) removal of leaves (main leaves only present) via shoot trimming delayed 
veraison and altering the LA:FW ratio by either trimming or crop removal influences 
soluble solids accumulation for two varieties that were tested, Sauvignon blanc and Pinot 
noir. It was not possible to delay the time of veraison of Pinot noir to that of Sauvignon 
blanc with a minimum difference of 4 days between the closest two treatments. The 
presence of laterals advanced soluble solids accumulation. All other berry components 
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(titratable acidity, pH and berry weight) were unaffected by the LA:FW ratio 
manipulations (for experiments with no laterals present). 
When comparing varieties, it was found that the effect of LA:FW ratio manipulations 
differed for Pinot noir and Sauvignon blanc with greater differences in the time of veraison 
being observed across the different treatments for Pinot noir; this may be in part due to the 
fact that the method of assessment of veraison (colour change for Pinot noir and softness 
for Sauvignon blanc) were different. For soluble solids accumulation, crop removal had a 
greater impact on the response for Sauvignon blanc than Pinot noir and this could be in 
part due to 1) bunch weights are greater for Sauvignon blanc so a % removal of bunches 
actually results in a greater reduction of yield or 2) the maturation phase occurring at 
different times and therefore for Sauvignon blanc which matures later, the climate is 
potentially cooler and shorter day lengths occurring. 
10.2 Process-based phenological modelling 
Grapevine phenology is generally thought to be predominantly driven by temperature and 
it is possible to model this for a range of varieties using simple thermal summations 
(Duchêne et al. 2010, Nendel 2010, Caffarra and Eccel 2011, Parker et al. 2011, Chapter 3, 
Chapter 4). The classification described in this thesis has been generated for 95 varieties 
for flowering, 105 varieties for veraison and 35 varieties for the DOY to reach 8 Brix. 
This is the first study to compare and contrast the application of different phenological 
models to a simple maturity parameter of sugar concentration (200g/L). Rates of soluble 
solids accumulation have provided conflicting results as to whether accumulation by 
thermal or absolute time is more relevant for the period veraison to harvest (Sadras and 
Petrie 2011b, Duchêne et al. 2012). In Chapter 9 it was found that GFV time provided no 
advantage in describing duration over using absolute time. Regardless, a single point of 
maturity composition around harvest (200g/L sugar) can be predicted using thermal time 
over a longer period. Future work can be continued to improve calibrations (F*) for 
varieties with low spatial and temporal variability in our database.  
The methodology used for process-based phenological modelling can contribute to 
understanding varietal differences for other species in future studies. Model outputs can be 
used in combination with predicted climate change scenarios to assess the suitability of 
varieties under climate conditions of the future. This would require combining the results 
of the GFV model with climate models; preliminary work on this has indicated that the 
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GFV model is robust for predicting veraison development of Pinot noir in Burgundy 
(Cuccia et al. 2011). 
Future work could also consider testing the process-based phenological models at a 
regional level or using actual hourly temperature data to calibrate the model. While not the 
principle objective of the studies described here, these approaches could better characterise 
1) the variability in phenology driven by temperature differences at local climate level for 
a given variety and 2) reduce the weighting of maximum and minimum temperatures 
within a model under scenarios where they occur only for a short duration, and perhaps do 
not reflect the variation of temperature influences within the day as experienced by the 
vine 3) taken into account situations where high or low temperatures shocks may occur 
and alter fruit development. 
10.3  Regression modelling of the influence of LA:FW ratio on phenology 
and maturation 
One limit of such process-based models is that they do not incorporate the potential effects 
of vine management on altering the varietal timing of phenological events. Stoll et al. 
(2011) have suggested canopy manipulation such as trimming could be a solution to 
counter effects of climate change. However, they did not investigate whether the 
differences observed in the date at which a target soluble solids concentration is achieved 
in response to canopy trimming were caused by a delay in the start of maturation, or a 
change in the rate of soluble solids accumulation. Results presented here show that leaf 
removal causes a substantial delay in veraison, and in combination with a high yield can 
also slow soluble solids accumulation ultimately reducing the soluble solids concentration 
at harvest and delay the maturation period to a cooler part of the season. Crop removal 
alone does not seem to alter the time of veraison, only when source was limited could crop 
remove mitigate some of the delays that occurred. Using the regression approach the 
optimal time (no limiting influence from LA:FW ratio, corresponding to the y-asymptote 
value of the regression responses in Chapter 9), the time from veraison to soluble solids at 
harvest or the maximum soluble solids concentration at harvest could be defined. This can 
be considered to represent the phenotypic response of a variety for the tested variable. In 
most cases, data that were collected for the 100% crop (with or without laterals) never 
corresponded to the plateau (optimal) value of response. This is an important consideration 
under the standard management practice of four cane VSP training system used in 
Marlborough as it indicates that vines may not have adequate leaf area to achieve an 
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optimal response. Only in combination with crop removal did any sampled plots fall 
within the optimal response value. This suggests that the LA:FW ratios that exist for 
current management practices do not permit veraison to occur at the earliest possible time 
nor a maximum rate of soluble solids accumulation. Even if the target is less than this 
value, the LA:FW ratio may be reduced sufficiently just by the pruning system alone, and 
in cool climates this could jeopardise achieving a target soluble solids at harvest. 
10.4 Decoupling of maturation parameters via increased temperatures or 
altering the LA:FW ratio  
Reduced LA:FW ratio changed the dynamics of soluble solids accumulation, but had no 
effect on the decrease in titratable acidity. This indicates that LA:FW ratio manipulations 
do not impact on different maturation processes in equivalent ways, and that changing the 
LA:FW ratio can potentially change the interrelationships of different berry components 
important for maturity in the fruit. This area of research was not an objective of this project 
and remains to be tested in future studies. Petrie et al. (2000a) indicated that a reduction in 
the LA:FW ratio reduced anthocyanin concentrations. Sadras and Moran (2012) also 
showed that increased temperatures did not have the same effects on anthocyanin 
accumulation compared to soluble solid accumulation, suggesting that the two mechanisms 
of accumulation were decoupled by temperature. Therefore, for any variety, if LA:FW 
ratio manipulations are used to delay development, then the implications on colour, flavour 
and aroma compounds need to quantified. 
10.5 Climate change: cultivar choice and crop management 
Projected climate change is thought to advance phenology for a great variety of species 
(Chmielewski et al. 2004, Schwartz et al. 2006, Menzel et al. 2006, Cleland et al. 2007) 
with some delays also documented (Menzel et al. 2003, Estrella and Menzel 2006). 
Temperature is considered a main driver of phenological development, and projected 
increases in temperatures could potentially advance the phenological development and 
therefore the time of the maturation phase and harvest for the grapevine (Duchêne and 
Schneider 2005, Jones et al. 2005, Petrie and Sadras 2008, Duchêne et al. 2010, Sadras and 
Petrie 2011a). Therefore, varieties currently adapted to certain climate conditions may no 
longer suit the climate of the future. Research on historical data (Sadras and Petrie 2011a, 
b) supports the idea that earlier maturity is associated with onset of maturation rather than 
rates of soluble solids accumulation. Of interest is whether vine management can shift 
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phenology of one variety to a later time, thereby potentially mitigating the effects of 
projected temperature increases associated with climate change. This is of interest for 
maintaining the same varieties planted within a region or site. Therefore, carbohydrate 
source restriction through leaf removal as presented here represents a potential strategy to 
offset the advance in onset of maturation; we were able to effectively delay the onset of 
maturation up to a week. When comparing the time of veraison for the varieties studied 
here, it was not possible to delay veraison of Pinot noir to the time of Sauvignon blanc 
under high levels of defoliations (six leaves and full crop); the regression modelling 
approach has further characterised these relationships across a wider range of LA:FW 
ratios. Reducing the LA:FW ratio (source limitation) to 0.25-0.5 m2/kg delayed the onset 
of veraison measured as 8 Brix to the same time as the normal appearance of veraison of 
later varieties. For the 100 varieties characterised for flowering and veraison in Chapter 3, 
the difference in the time of veraison was up to four weeks between the earliest and latest 
varieties, which was larger than the differences measured between Sauvignon blanc and 
Pinot noir LA:FW ratio treatments. Therefore, although the LA:FW ratio manipulations 
substantially delay veraison, they do not reach the upmost extremes of timing that exist 
between early and late varieties. Therefore crop management and changing varieties offer 
different solutions and their interaction needs to be tested for 1) later ripening varieties and 
2) in the context of projected climate change scenarios. If only small differences in timing 
were desired, then simply adjusting the source-sink balance could achieve this. However, 
if a change of temperature in the future may result in an advance of three weeks for 
veraison for a variety, potentially changing to a later variety may be a more effective 
choice. Both options could be used complementarily as we continue to further our 
understanding of the potential impacts of climate change.  
Climate change may also alter vine balance through CO2 and water deficit changes. CO2 
concentrations are also predicted to increase as a result of climate change, and this could 
alter source-sink balances with increased CO2 predicted to increase vine vigour and 
therefore potential source size (Schultz 2000). Vine water status was not considered in this 
study and this plays an important interaction in growth partitioning. Other authors 
(Pellegrino et al. 2006) have shown that shoot growth is more sensitive to water stress than 
photosynthesis, which explains that more carbohydrates are available for grape ripening in 
moderate water deficit conditions. Hence, reduced vine water deficits have been suggested 
to increase sugar accumulation (van Leeuwen et al. 2009) via reduced partitioning to 
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alternative vegetative sinks (Roby et al. 2004). If climate change increases water stress, 
this interaction may be significant in non-irrigated scenarios.  
10.6 Berry variability 
Variability between berries on the same bunch or between berries in samples was not 
considered within this modelling framework. For 200g/L the value was normalised to give 
one value for samples containing more than one berry and for most berry samples in other 
chapters  (excluding Chapter 5), average values were measured (normally 30 berries). The 
results from Chapter 5 depict that at any given time point around veraison there is a range 
of differences in colour and in soluble solids concentration. In Chapter 9 the soluble solids 
data were dispersed, reducing the quality of fit, especially in the presence of laterals, and 
often plateau values and inflexion points were difficult to characterise due to the dispersion 
of data. Further characterisation of individual berries at different LA:FW ratios or in 
response to different temperature regimes would help elucidate what effect these 
parameters have on the variability of a berry population and potentially improve these 
regressions. Such information could then be integrated into a modelling framework to 
define the bounds of responses (variability in veraison measurement, rates of soluble solids 
accumulation, and soluble solids at harvest) in response to the LA:FW ratio manipulations 
tested here.  
It is possible to manipulate and predict berry development and the maturity window not 
only through choice of variety, but also through management practices. This will also help 
define limits of current models and how to improve them. 
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Figure 10-1 Conceptual framework of key thesis outcomes. 
LA: Leaf area, FW: Fruit Weight, LA:FW: Leaf Area to Fruit Weight ratio, SS: Soluble Solids, TA: Titratable Acidity concentration. 
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Appendix I. Penetrometer 
 
The above image shows the penetrometer used for assessing deformability and elasticity. 
A corresponds to the 60g force which is applied to measure the initial diameter of the 
berry, B corresponds to approximately 1.5 turns (arrow) when the full force of the spring 
(240g) is applied to measure the diameter of the berry under this force (df). 
B 
A 
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Appendix II. Defining the relationship between main leaf 
area (cm2) and main leaf fresh weight (kg).  
Leaf area estimation  
All leaves between the trunks of two vines within each replicate were removed at harvest. 
The fresh weight of the whole defoliation sample was measured and the fresh weight of a 
100 leaf subsample was also weighed (petioles attached for both weights)  
The leaf area of the subsample was measured using a LiCOR 3100 leaf area meter (LI-
COR, Inc., Lincoln, Nebraska, USA). The relationship between the leaf area of the 100 
leaf sample and its fresh weight was assessed, and the total leaf area defoliated was then 
calculated from this and adjusted to give a value for leaf area m2/m.  
The following factors were tested to see if they altered the regression. Each factor was 
tested individually by linear regression analysis of all data (both varieties and both years 
unless otherwise stated). 
1. Season (2009-2010 growing season or 2010-2011 growing season) 
2. Leaf number (using 2010-2011 3, 6, 8, 12, 15, and 18 leaves to test this) 
3. The different crop levels: 0% crop removal; 50% crop removal and 75% crop 
removal 
4. Variety 
Season influenced the leaf area: fresh weight relationship 
The relationship was significant for season (year) (factor 1) (p<0.001) (Figure a); all other 
factors were non-significant. This indicates there were no errors or bias in sampling or 
measurements but there was a difference in the regression obtained between seasons. 
Regressions for each season 
Linear regressions were fitted to each year combining all other factors (Table 1). The 
linear regression equations were used to calculate main leaf area of the whole sample for 
each replicate in each year, and this was then corrected for the distance defoliated to give a 
value in m2. These equations were used to calculation leaf area (m2) in Chapters 6, 7, 8 and 
9. 
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Figure 1. A comparison of two seasons (2009-2010 and 2010-2011) for the 
relationship between leaf area leaf subsample fresh weight (100 leaves fresh weight, 
in kg) and leaf area (100 leaves leaf area (cm2) for both Pinot noir and Sauvignon 
blanc. 
 
Table 1. Linear regression analysis by year. 
 2009-2010 2010-2011 
R2 0.9088 0.9637 
Equation of linear 
regression 
y = 2574+21290x y = 1836+25444x 
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Appendix III. Complete model tests for model choice for 
DOY to reach 8 Brix, duration (time for 8 to 14.2 Brix) 
and harvest soluble solids 
For both varieties, most variables tested- DOY to reach 8 Brix (Table 1), duration 
measured as the time from 8 to 14.2 Brix (Table 2) and harvest soluble solids (Table 3) - 
a non-linear response best explained the relationship with LA or LA:FW ratio; exceptions 
were LA- duration for both varieties (Table 3); there was also very little difference 
between using DOY or Grapevine Flowering Veraison model (GFV) Table 1, Table 2 and 
Table 3). 
The majority of best fit models corresponded to non-linear regressions. Additional 
parameters (non-linear regression tested here has three parameters in its function compared 
with two for linear regression) can improve fits; however the non-linear regressions 
represent a biologically relevant approach. That is 1) for the DOY to reach 8 Brix there 
must exist a value beyond which it is not possible to further advance the DOY 2) a 
maximum duration must also exist and 3) a maximum soluble solids by variety will occur 
under any season. Therefore non-linear approaches allow these limits to be explored and 
characterised. In the case of 100% crop treatments, often the y-asymptote occurred at 
LA:FW ratio beyond those actually measured and therefore was less well characterised 
than for the 50% crop removal treatments.  
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Table 1 Comparison of models for Leaf Area (LA), Leaf Area to Fruit Weight (LA:FW) ratio and the Days Of the Year (DOY) to 
reach 8 °Brix or the Grapevine Flowering Veraison (GFV) model value at the time of 8 °Brix for Pinot noir and Sauvignon blanc. 
Non-linear refers to the 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫. 
X variable Variety Model 
DOY GFV 
Fit details R
2 or adjusted R2 
value Fit details 
R2 or adjusted R2 
value 
LA Pinot noir Linear Common line 0.67 Common line 0.67 Non-linear Common curve 0.76† Common curve 0.78† 
LA:FW Pinot noir 
Linear Parallel lines 0.67 Separate lines 0.67 
Non-linear Common r and b, a different 0.76† 
Common r and b, a 
different 0.77† 
LA Sauvignon blanc 
Linear Parallel lines 0.80 Parallel lines 0.79 
Non-linear Common r and b, a different 0.81† 
Common r and b, a 
different 0.80† 
LA:FW Sauvignon blanc 
Linear Parallel lines 0.52 Parallel lines 0.51 
Non-linear Common r and b, a different 0.65† 
Common r and b, a 
different 0.64† 
†indicates the models that were selected for each x variable for variety by DOY/GFV combination (based on R2 or adjusted R2 values). The 
selected models are depicted in Figures 9-1ab and 9-2ab, 9-3ab and 9-4ab.
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Table 2 Comparison of models for Leaf Area (LA), Leaf Area to Fruit Weight (LA:FW) ratio or the Grapevine Flowering 
Veraison (GFV) model value for the duration from 8 to 14.2 °Brix in Days Of the Year (DOY) for Pinot noir and Sauvignon blanc.  
Non-linear refers to the 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫. 
X variable Variety Model 
DOY GFV 
Fit details R
2 or adjusted R2 
value Fit details 
R2 or adjusted R2 
value 
LA Pinot noir 
Linear All parameters separate 0.78† 
All parameters 
separate 0.76† 
Non-linear Separate a and b, common r 0.78 
Separate a and b 
common r 0.75 
LA:FW Pinot noir 
Linear All parameters separate 0.79 
All parameters 
separate 
0.75† 
 
Non-linear Separate a and b, common r 0.81† 
Separate a and b, 
common r 0.75 
LA Sauvignon blanc 
Linear Parallel lines 0.66† Parallel lines 0.68 
Non-linear Common r and b, a different 0.66 
Separate a and b, 
common r 
No fit(did not 
converge) 
LA:FW Sauvignon blanc 
Linear All parameters separate 0.66 
All parameters 
separate 0.70 
Non-linear Separate a and b, common r 0.72† 
Separate r and b, a 
different 0.71† 
†indicates the models that were selected for each x variable for variety by DOY/GFV combination (based on R2 or adjusted R2 values). The 
selected models are depicted in Figures 9-5ab and 9-6ab.
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Table 3 Comparison of models for Leaf Area (LA), Leaf Area to Fruit Weight 
(LA:FW) ratio and harvest soluble solids (°Brix) for Pinot noir and Sauvignon blanc.  
Non-linear refers to the 3-parameter exponential model, ݕ ൌ ܽ ൅ ܾݎ௫. 
X variables Variety Model Fit details 
R2 or 
adjusted 
R2 value 
LA Pinot noir 
Linear All parameters separate 0.69 
Non-linear Separate a and b, common r 0.72† 
LA:FW Pinot noir 
Linear All parameters separate 0.67 
Non-linear Separate a and b, common r 0.73† 
LA Sauvignon blanc 
Linear Parallel lines 0.80 
Non-linear Common r and b, a different  0.81† 
LA:FW Sauvignon blanc 
Linear All parameters separate 0.70 
Non-linear Common r and b, a different 0.76† 
†indicates the models that were selected for each x variable (based on R2 or adjusted R2 
value). The selected models are depicted in Figure 9-7ab and Figure 9-8ab.  
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Appendix IV. Data providers  
The following individuals and institutions are kindly acknowledged for their contribution 
to the historical datasets used in Chapters 3 and 4: 
B. Baculat, G. Barbeau (INRA UE 1117, Unité Vigne et Vin, Beaucouze), B. Bois (Institut 
Universitaire de la Vigne et du Vin – CRC, UMR 6282 Biogeosciences CNRS / Université 
de Bourgogne - 6, Dijon), J-Y. Cahurel (Institut Français de la Vigne et du Vin, Pôle 
Bourgogne - Beaujolais - Jura – Savoie, Villefranche/Saône), J-M. Chevet, M. Claverie 
(Institut Français de la Vigne et du Vin / AREDVI, Pôle Rhône-Méditerranée, Institut 
Rhodanien, Orange), B. Daulny (SICAVAC), E. Duchêne (INRA UMR 1131 Santé de la 
Vigne et Qualité du Vin, Colmar), T. Dufourcq (Institut Français de la Vigne et du Vin - 
Pôle Sud-Ouest, Caussens), P. Dupraz (Ecole d’Ingénieurs de Changins), L. Gény (Univ. 
Bordeaux, ISVV, USC Œnologie Villenave d’Ornon), B. Garnichot (InterRhône), G. 
Guimberteau, O. Jacquet (Chambre d'agriculture de Vaucluse, Orange), S. Koundouras 
(University of Thessaloniki), C. Lecareux, C. Larrouquis (Cave Irouleguy, Pays Basque, 
France), R. Laytte (château Kirwan, F-33460 Cantenac), A. Mançois (Lycée viticole 
d’Amboise) F. Mayeur (château d’Yquem, F33210 Sauternes), C. Monamy (Bureau 
Interprofessionnel des Vins de Bourgogne, Centre Interprofessionnel Technique, Beaune), 
E. Neethling (INRA UE 1117), H. Ojeda (INRA - Unité Expérimentale de Pech Rouge, 
Gruissan, France), J-C. Payan (IFV Rhone-Méditerranée, Rodilhan), B. Rodriquez Lovelle 
(Syndicat Général des Vignerons des Côtes du Rhône, Service technique -  Institut 
Rhodanien, Orange), O. Roustang (Inter-Rhone), G. Ruton (Château Lagrange, F33250 
Saint-Julien), G. Salva (CRVi de Corse, San Giuliano),  C. Schneider (INRA UMR 1131 
Santé de la Vigne et Qualité du Vin, Colmar), I. Sivadon (CIRAME), J-P Soyer, J-L 
Spring (Station de recherche Agroscope Changins-Wädenswil ACW, Centre de recherche 
Pully, Avenue Rochettaz 21, CH-1009 Pully/Switzerland), P. Storchi (Consiglio per la 
Ricerca e Sperimentazione in Agricoltura, Unità di ricerca per la Viticoltura, Arezzo),  W. 
Trambouze (Chambre d'agriculture de l'Hérault, Antenne de Pézenas, Pézenas).    
